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^METHOD AND APPARATUS FOR CHARACTERIZING MATERIALS 
BY USING A MECHANICAL RESONATOR 

F I ELD OF THE I NVENTION 

Tho present i nvent i on gonorally ro l atos to mothods and apparatus for rap i dly ccrooning 
an array of d i v e rs e mat e r i a l s that hav e be e n cr e at e d at known locat i ons on a s i ng le 
substrat e surfac e . More specif i ca l ly, th e i nv e nt i on i s d i rected to th e us e of u l trasonic 
and/or mechan i c al transduc e rs to i mag e and/or e va l uat e th e ind i v i dua l ele m e nts of a 
l i brary of mat e r i a l s. Th e pr e s e nt inv e ntion i s a l so d i r e cted to CLAIM OF PRIORITY 
[0001] This application is a continuation of 10/266.047, filed on October 7. 2002, 
which is a continuation of 10/201.181. filed on July 23. 2002. which is a continuation of 
09/800.819. filed on March 7. 2001. now U.S. Patent No. 6.494.079. which is a 
divisional of 09/133.171, filed on August 12, 1998, now U.S. Patent No. 6.393,895. 
which is a CIP of 08/946.921 . filed October 8. 1997. now U.S. Patent No. 6.182.499. 

TECHNICAL FIELD 

[0002] The present invention is directed to using mechanical oscillators for 
measuring various properties of fluids (including both liquids and vapors), and more 
particularly to a method and system using a mechanical oscillator (resonator) for 
measuring physical, electrical and/or chemical properties of a fluid based on the 
resonator's response in the fluid to a variable frequency input signal. 

BACKGROUND OF THE INVENT I ON A RT 

Th e d i scovery of new materia l s with nov e l chomica l and phys i cal properties ofton le ads 
to th e d o volopm o nt of n e w and usefu l technolog i es. Curr e ntly, ther e is a tr e m e ndous 
amount of act i v i ty i n th e discov e ry and optim i zat i on of mater i a l s, such as 
sup e rconductors, z e o li tes, magn e tic m a t e ria l s, phosphors, cata l ysts, th e rmo ele ctr i c 
mat e r ial s, high and low d ie lectr i c materia l s and th e li k e . Unfortunat el y, e v e n though th e 
chem i stry of oxtondod so l ids has b e en ext e nsiv e ly e xplored, f e w gener al pr i ncipl e s 
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h a v e e m e rg e d that a ll ow one to pred i ct w i th c e rta i nty th e compos i tion, structure and 
r e action pathways for th e synth e sis of such so li d stat e compounds. 

[0003] Th o preparation of n e w mater i a l s with nov el ch e m i ca l and physical prop e rt i es 
is at b e st happenstanc e w i th our current level of und e rstanding. Consequ e nt l y, the 
d i scov e ry of now mat e rials d e pends large l y on tho ab i l i ty to synth e siz e and ana l yze now 
compounds. G i ven approxim a tely 100 e l ements in the period i c table that can bo used to 
mak e composit i ons consist i ng of two or mor e e le m e nts, an incr e d i b l y l arge numb e r of 
possibl e new compounds rema i ns l arge l y un e xp l or e d. As such, there exists a ne e d i n 
th e art for a mor e e ff i c ie nt, e conomica l and syst e mat i c a ppro a ch for the synth e sis of 
nov el mat e r i a l s and for the screen i ng of such mater i a l s for useful prop e rti e s. Companies 
are turning to combinatorial chemistry techniques for developing new compounds 
having novel physical and chemical properties. Combinatorial chemistry involves 
creating a large number of chemical compounds by reacting a known set of starting 
chemicals in all possible combinations and then analyzing the properties of each 
compound systematically to locate compounds having specific desired properties. See, 
for example, U.S. patent application Ser. No. 08/327.513 (published as WO 96/1 1878), 
filed Oct. 18. 1994. entitled "The Combinatorial Synthesis of Novel Materials", the 
disclosure of which is incorporated by reference. 

[0004] The virtually endless number of possible compounds that can be created from 
the Periodic Table of Elements reguires a systematic approach to the synthesizing and 
screening processes. Thus, any system that can analyze each compound's properties 
quickly and accurately is highly desirable. Further, such a system would be useful in any 
application requiring quick, accurate measurement of a liquid's properties, such as in- 
line measurement of additive concentrations in gasoline flowing through a conduit or 
detection of environmentally-offending molecules, such as hydrogen sulfide, flowing 
through a smokestack. 

One of th e proc e ss e s wh e reby natur e produc e s mo l ecu l es hav i ng nov el functions 
i nvo l v e s tho generat i on of largo co ll ect i ons (librar i es) of mo l ocu l os and the syst e matic 
scr ee n i ng of thos e co lle ctions for mo l ecu le s hav i ng a d e sir e d property. An e xampl e of 
such a process i s tho humoral i mmun e syst e m which i n a matter of w e eks sorts through 
som e 10 4 2 antibody mo le cu le s to f i nd one wh i ch sp e c i fical l y b i nds a for ei gn p a thog e n 
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(N i sonoff o t a l ., Tho Ant i body Moleculo (Academ i c Press, N.Y., 1975)). Th i s not i on of 
g e n e rating and scr ee ning l arg e li brar i es of mol e cu le s has r e c e nt l y b ee n app l i e d to th e 
drug d i scov e ry proc e ss. 

App l y i ng this l ogic, m e thods hav e b e en dev e loped for the synth e s i s and scre e n i ng of 
l argo l ibraries (up to 1 0 14 mo l ecules) of p o ptid o s, o li gonuc l oot i dos and othor sma l l 
mo l oculos. Geyson ot a l ., for example, hav o d o volopod a method whoroin peptide 
synth e s e s a r e c a rr ie d out i n paral lel on s e v e r al rods or p i ns (J. Immun. M e th. 102:259 
274 (1987), i ncorporat e d her o in by r e f e r e nce for a ll purpos e s). G e n e ra ll y, the Goysen e t 
al. m e thod invo l v e s functiona li z i ng th e t e rm i n i of po l ym e r i c rods and s e qu e nt i a ll y 
i mmers i ng th e t e rm i n i i n so l utions of i nd i v i dua l amino acids. I n add i tion to th e G e ys e n e t 
al. method, t e chn i qu e s have rec e nt l y b e en introduc e d for synth e s i z i ng l arg e arrays of 
d i ff e r e nt p e pt i d e s and other po l ym e rs on so li d surfac e s. P i rrung e t a l hav e d e v el op e d a 
techn i qu e for gen e r a t i ng arrays of p e ptid e s a n d oth e r mol e cul e s us i ng, for e x a mpl e , 
l ight - d i rect e d, spatia ll y - addr e ssabl e synth e sis techn i qu e s (U.S. Pat. No. 5,143,854 and 
PCT Pub l icat i on No. WO 90/15070, i ncorporat e d h e r ei n by ref e r e nc e for al l purpos e s). 
I n add i t i on, Fodor e t al. hav e d e v el oped a method of gath e r i ng f l uor e sc e nc e i nt e ns i ty 
data, var i ous photos e ns i t i v e prot e ct i ng groups, mask i ng t e chniques, and automat e d 
tochn i qu o s for p e rform i ng light directed, spat i ally addressabl e synth e sis techn i qu e s 
(Fodor o t al., PCT Publication No. WO 92/10092, th e teach i ngs of wh i ch are 
i ncorporatod hero i n by reference for all purposes). 

Us i ng th e se various m e thods, arrays conta i ning thousands or m i l li ons of diff e r e nt 
e l e m e nts can bo formed (U.S. patent appl i cat i on Ser. No. 08/805,727, f il ed D e c. 6, 
1991, th o compl e t e disc l osure of wh i ch is incorporated herein by reference for a l l 
p ur pos e s). As a resu l t of t heir r ela t i onsh i p to s e miconductor fabr i c a t i on t e chn i qu e s, 
th e s e m e thods hav e come to be referred to as "V e ry Larg e Sca l e I mmob ili z e d Po l ymer 
Synth e s i s," or "VLS I PS.TM." techno l ogy. Such t e chn i ques hav e m e t w i th substant i al 
succ e ss i n scr ee n i ng various l igands such as pept i d e s and o li gonucl e ot i des to 
d e t e rm i ne the i r re l ativ e bind i ng aff i nity to a r o c o ptor such as an antibody. 

Th e so li d phase synthesis techniqu e s curr e ntly bo i ng used to prepare such li brar i es 
i nvo l v e th e s e qu e nt i a l coup li ng of bui l ding b l ocks to form tho compounds of int e rest. For 
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example, i n tho Pirrung ot al. method po l ypopt i do arrays aro synthos i zod on a substrate 
by attaching photor e movab le groups to th e surfac e of th e substrate, e xposing s e l e cted 
reg i ons of th e substrat e to li ght to act i vat e thos e r e gions, att a ch i ng an am i no ac i d 
monom e r w i th a photoremovab l e group to the activated r e g i on, and repeating tho stops 
of activation and attachment unti l polypept i des of tho desired l ength and soquonco are 
synth e s i z e d. Th e s e so l id phaso synthes i s t e chniques cannot readi l y be us e d to prepar e 
many inorganic and organ i c compounds. 

I n PCT WO 96/11878, th e complete disc l osure of which i s incorporated heroin by 
r e f e r e nce, m e thods and apparatus ar e d i sc l os e d for pr e paring a substrat e w i th an arr a y 
of div e rse mat e r i als depos i ted in pred e fin e d r e gions. Som e of th e m e thods of d e posit i on 
disclos e d i n PCT WO 96/11878 includ e sputt e ring, ab l ation, e vaporat i on, and li qu i d 
* dispens i ng systems. Us i ng the disc l osed methodo l ogy, many classes of m a t e r i a l s can 
b e g e n e rat e d combinator i a ll y i nclud i ng i norgan i cs, i nt e rm e ta l l i cs, m e ta l al l oys, and 
c e ram i cs. 

I n g e n e r al , comb i natoria l chem i stry r e f e rs to th e approach of cr e at i ng vast numb e rs of 
compounds by r e act i ng a set of start i ng ch e m i cals in a ll poss i b l e combinat i ons. Sinc e its 
introduct i on i nto tho pharmaceut i ca l industry i n th o l at e 80's, it has dr a mat i cal l y sped up 
th o drug d i scov e ry proc e ss and i s now becom i ng a standard practice i n tho i ndustry 
(Chem. Eng. News F e b. 12, 1996). Mor e r e c e nt l y, comb i natorial t e chn i ques hav e b ee n 
succ e ssfu ll y app l i e d to the synth e sis of inorgan i c mat e r i a l s (G. Br i c e no e t a l ., SCIENCE 
270, 273 275, 1995 and X.D. X i ang o t a l ., SC I ENCE 268, 1738 1710, 1995). By us e of 
var i ous surfac e d e pos i tion t e chniqu e s, mask i ng strateg ie s, and processing conditions, i t 
i s now possible to generate hundreds to thousands of mat e r i a l s of distinct compositions 
per square inch. Those mater i a l s include high T e sup e rconductors, magn o toros i stors, 
and phosphors. Discovery of heterogen e ous cata l ysts w il l no doubt bo accelerated by 
th e i ntroduct i on of such comb i natoria l a pproaches. 

A major d i ff i cu l ty w i th those procossos is the lack of fast and r eli ab l e testing methods for 
rapid scr ee n i ng and opt i m i zation of the mat e r i a l s. R e c e nt l y, a para ll el scr ee ning m e thod 
bas e d on r e action h e at format i on has been reported (F. C. Moatos e t al., Ind. Eng. 
Ch e m. Res. 35, 1801 1803, 1996). For oxidat i on of hydrog e n ov e r a metall i c surface, i t 
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i s possible to obtain I R r a diat i on i mages of on array of catalysts. Tho hot spots i n tho 
i mag o correspond to act i ve cata l ysts and can bo resolv e d by an i nfrar e d c a m e ra. 

Scr e en i ng l arg o arrays of mat e ria l s i n combinator i a l li brar i es croatos a number of 
chal l enges — fef — ex i sting — a na l yt i cal — techn i ques. — Fof — examp l e, — trad i tional l y, — a 
h o t o rogen o ous cat al yst i s charact o r i z o d by tho use of a m i cro roactor that contains a 
fow grams of porous support e d catalysts. Unfortunate l y, tho trad i tional method cannot 
b e us e d to screen a catalyst li brary generated w i th combinatoria l m e thods. F i rst, a 
hotorogenoous cata l yst l i brary synthesized by a combinatorial chemistry method may 
contain from a f e w hundr e d to many thousands of cata l ysts. I t i s i mpr a ct i ca l to 
synthes i ze a fow grams of each cata l yst in a combinatoria l format. Second, the 
r e spons e t i m e of micro reactors i s typ i ca ll y on th e order of a few minutes. The t i me i t 
tak e s to reach equil i brium conditions is oven longer. It i s d i ff i cult to ach ie ve high 
throughput scr ee ning w i th such l ong r e sponse tim e s. 

Anoth e r cha lle ng e with scre e ning cata l yst arrays is th e l ow conc e ntration of 
compon e nts that may b e pr e s e nt in the r ea ct i ons. For example, ox i dation of e thy le n e to 
ethyl e n e ox i d e can b e carr i ed out ov e r a s il v e r - bas e d cata l yst (S. R e bsdat e t a l . t U.S. 
P a t. Nos. 4 /171,071 and 4 ,808,738). For a surfac e s upported catalyst with a n ar e a of 1 
mm by 1 mm and th e sam e act i v i ty as th e i ndustria l catalyst, on l y about 10 parts p e r 
billion (ppb) of e thy le n e ar e conv e rted into tho desired ethy l ene ox i d e when the contact 
tim e i s on e s e cond. 

Dotoct i on of such l ow component l evels i n the presence of several atmospheres of 
r e action m i xtur e is a cha ll enge to analytica l m e thods. Many analyt i c al t e chniqu e s, 
inc l uding optica l methods such as four wave m i xing spectroscopy and cav i ty r i ng down 
absorpt i on sp e ctroscopy as w e ll as conv e nt i ona l m e thods such as GC/MS, ar e 
e xc l uded b e caus e of poor s e ns i tiv i t i es, non un i versal d e t e ctab i lity, and/or slow 
r e spons e . Th e r e for e an app a ratus and methodology for scr ee ning a substrate h a ving an 
array of m a t o r i als that differ sl i ghtly in — chemica l — composition, — concontration, 
sto i chiom e try, and/or th i ckn e ss is d e sirab l e. 
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[0005] It is therefore an object of the invention to measure simultaneously both the 
physical and the electrical properties of a fluid composition using a mechanical 
resonator device. 

[0006] It is also an object of the invention to detect differences clearly between two 
or more compounds in a fluid composition by using a mechanical resonator device to 
measure a composition's physical and electrical properties. 

[0007] It is a further object of the invention to use a mechanical resonator device to 
monitor and measure a physical or chemical transformation of a fluid composition. 
[0008] It is also an object of the invention to use a mechanical resonator device to 
detect the presence of a specific material in a fluid. 

SUMMARY OF THE INVENTION 

Tho present inv e nt i on provid e s m e thods and apparatus for i nt e rrogat i ng an array of 
d i v e rs e mat e ria l s l ocated at pr e def i n e d r e g i ons on a sing le substrat e . Typica l ly, each of 
th e i nd i v i dual mat e r i als w i ll b e scre e n e d or i nt e rrogat e d for on e or mor e prop e rti e s. 
Once scre e n e d, th e i nd i vidu al mat e r i als may b e rank e d or oth e rw i s e compar e d r el ativ e 
to oach oth e r w i th r e sp o ct to th e materia l characteristics und e r invest i gation. 

I n on e aspect of th e i nv e ntion, syst e ms and m e thods ar e prov i d e d for imag i ng a li brary 
of mat e r i a l s us i ng u l trason i c imag i ng t e chn i qu e s. Th e system i nc l ud e s one or mor e 
d e vic e s for e xc i t i ng an ele m e nt of th e library such that acoust i c waves are propagat e d 
through, and from, tho o l o mont. The acoust i c waves propagat e d from the olom o nt aro 
d e t e cted and processed to y i e l d a visua l i mage of tho li brary e l ement. Tho acoustic 
wave data can a l so b e process e d to obtain info r mation about th e e lastic propert ie s of 
the l ibrary olomont. I n on e e mbod i ment of the invent i on, th e acoustic wavo det e ctor 
sc a ns the l i brary i n a rast e r pattern, thus prov i ding a v i sua l imag e of th e e nt i r e l i brary. 

I n another aspect of th o i nv e ntion, systems and m e thods ar e provid e d for generat i ng 
acoust i c wavos i n a tank f ill ed w i th a coup li ng liquid. Tho l i brary of materials i s then 
pl a c e d i n th e t a nk a nd th e surfac e of th e coup l ing l i quid i s scanned w i th a las o r b o am. 
Th e structur e of th e l i quid surface d i sturb e d by th e acoustic wav e i s record e d, the 
r e cord e d d i sturbanc e b e ing r o pros e ntat i v e of th e physica l structur e of th e l ibrary. 
Accord i ng l y, a corrospondonco botwoon the surface pattern and tho geometry and 
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mochan i ca l prop e rties of the l ibrary can bo constructed. 

In anoth e r asp e ct of th e i nv e nt i on, a probe that i nc l ud e s a m e chan i ca l reson a tor i s used 
to e va l uat e various prop e rt ie s ( e .g., mol e cu l ar weight, v i scos i ty, sp e cif i c w ei ght, 
el ast i city, d i o l octr i c constant, conduct i vity, otc.) of the i nd i v i dua l l i qu i d olomonts of a 
li brary of materials. Tho resonator i s d e s i gn e d to ineffective l y e xc i t e acoustic wav e s. 
The frequency response of the resonator i s m e asured for the li quid element under tost, 
pr e ferab l y as a funct i on of time. By ca l ibrating th e r e sonator to a sot of standard l iqu i ds 
w i th known prop e rt ie s, th e prop e rt ie s of the unknown liquid can bo determ i n e d. An array 
of li brary ele m e nts can b e charact e r i zed by a s i ngl e scann i ng transducer or by us i ng an 
array of transduc e rs corr e spond i ng to the array of l i brary e l e m e nts. 

[0009] The present invention includes a method for measuring a property of a fluid 
composition using a tuning fork resonator, the method comprising: 

placing the tuning fork resonator in the fluid composition such that at least a 
portion of the tuning fork resonator is submerged in the fluid composition; 

applying a variable frequency input signal to a measurement circuit coupled with 
the tuning fork resonator to oscillate the tuning fork resonator; 

varying the frequency of the variable frequency input signal over a predetermined 
frequency range to obtain a frequency-dependent resonator response of the tuning fork 
resonator; and 

determining the property of the fluid composition based on the resonator 
response. 

[0010] The method can also measure a plurality of fluid compositions, wherein the 
fluid compositions are liquid compositions, using a plurality of tuning fork resonators, 
wherein the method further comprises: 
providing an array of sample wells; 

placing each of said plurality of liquid compositions in a separate sample well; 
placing at least one of said plurality of tuning fork resonators in at least one 
sample well; 

applying a variable frequency input signal to a measurement circuit coupled with 
each tuning fork resonator in said at least one sample wells to oscillate each tuning fork 
resonator associated with each of said at least one sample well; 
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varying the frequency of the variable frequency input signal over a predetermined 
frequency range to obtain a frequency-dependent resonator response of each tuning 
fork resonator associated with said at least one sample well; and 

analyzing the resonator response of each tuning fork resonator associated with 
said at least one sample well to measure a property of each liquid composition in said at 
least one sample well. 

[0011] Accordingly, the present invention is directed primarily to a method using a 
mechanical piezoelectric quartz resonator ("mechanical resonator") for measuring 
physical and electrical properties, such as the viscosity density product, the dielectric 
constant, and the conductivity of sample liquid compositions in a combinatorial 
chemistry process. The detailed description below focuses primarily on thickness shear 
mode ("TSM") resonators and tuning fork resonators, but other types of resonators can 
be used, such as tridents, cantilevers, torsion bars, bimorphs, or membrane resonators. 
Both the TSM resonator and the tuning fork resonator can be used to measure a 
plurality of compounds in a liquid composition, but the tuning fork resonator has 
desirable properties that make it more versatile than the TSM resonator. 
[0012] The mechanical resonator is connected to a measuring circuit that sends a 
variable frequency input signal, such as a sinusoidal wave, that sweeps over a 
predetermined frequency range, preferably in the 25-30 kHz range for the tuning fork 
resonator and in a higher range for the TSM resonator. The resonator response over 
the frequency range is then monitored to determine selected physical and electrical 
properties of the liquid being tested. Although both the TSM resonator and the tuning 
fork resonator can be used to test physical and electrical properties, the tuning fork 
resonator is an improvement over the TSM resonator because of the tuning fork's 
unique response characteristics and high sensitivity. 

[0013] Both the TSM resonator and the tuning fork resonator can be used in 
combinatorial chemistry applications according to the present invention. The small size 
and quick response of the tuning fork resonator in particular makes it especially suitable 
for use in combinatorial chemistry applications, where the properties of a vast number of 
chemicals must be analyzed and screened in a short time period. In a preferred 
embodiment, a plurality of sample wells containing a plurality of liquid compositions are 
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disposed on an array. A plurality of TSM or tuning fork resonators are dipped into the 
liquid compositions, preferably one resonator per composition, and then oscillated via 
the measuring circuit. Because the resonating characteristics of both the TSM resonator 
and the tuning fork resonator virtually eliminate the generation of acoustic waves, the 
size of the sample wells can be kept small without the concern of acoustic waves 
reflecting from the walls of the sample wells. In practice, the tuning forks can be 
oscillated at a lower frequency range than TSM resonators, making the tuning forks 
more applicable to real-world applications and more suitable for testing a wide variety of 
compositions, including high molecular weight liquids. 

[0014] In another embodiment of the invention, the mechanical resonator is coated 
with a material to change the resonator's characteristics. The material can be a general 
coating to protect the resonator from corrosion or other problems affecting the 
resonator's performance, or it can be a specialized "functionalization" coating that 
changes the resonator's response if a selected substance is present in the composition 
being tested by the resonator. 

[0015] To obtain a more complete range of characteristics for a selected fluid 
composition, multiple resonators having different resonator characteristics can be 
connected together as a single sensor for measuring the fluid composition. The 
resonator responses from all of the resonators in the sensor can then be correlated to 
obtain additional information about the composition being tested. By using resonators 
having different characteristics, the fluid composition can be tested over a wider 
frequency range than a single resonator. Alternatively, a single resonator that can be 
operated in multiple mechanical modes (e.g. shear mode, torsion mode, etc.) can be 
used instead of the multiple resonators. The resonator responses corresponding to 
each mode would be correlated to obtain the additional information about the 
composition. 

[0016] The mechanical resonator system of the present invention, particularly a 
system using the tuning fork resonator, can also be used to monitor changes in a 
particular liquid by keeping the resonator in the liquid composition as it undergoes a 
physical and/or chemical change, such as a polymerization reaction. The invention is 
not limited to measuring liquids, however; the quick response of the tuning fork 
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resonator makes it suitable for measuring the composition of fluid compositions, both 
liquid and vaporous, that are flowing through a conduit to monitor the composition of the 
fluid. 

A furth e r und e rstanding of th e natur e and advantages of th e i nv e ntions herein may b e 
r e a li zed by refer e nc e to th e r e ma i n i ng port i ons of th e specificat i on and th e attach e d 
draw i ngs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00 1 7] FIGS. 1a and 1b are cross-sectional views of a TSM resonator plate and a 
tuning fork resonator tine used in preferred embodiments of the present invention, 
respectively; 

[0018] FIG. 1 is an i ll ustrat i on of a tr a nsduc e r -le ns syst e m for imag i ng a libr a ry of 
olomonts; 2 is a block diagram illustrating an example of a composition testing system of 
the present invention; 

[0019] FIG. 2 il l ustr a t e s a n u l trason i c i maging system ut il iz i ng a piozoo l octr i c 
transducer array; 3 is a representative diagram illustrating oscillation characteristics of 
the tuning fork resonator used in a preferred embodiment of the present invention; 
F I G. 3 i l l ustrates th e oscil l at i on mod e of a tun i ng fork r e sonator; 

F I G. A i l l ustrates the oscillat i on modo of a b i morph/un i morph resonator; 

FIGS. 5 a and 5b are cross - s e ct i onal vi e ws of a TSM r e sonator p l at e and a tun i ng fork 
r e sonator t i n e us e d in pr e f e rr e d e mbod i ments of the pr e s e nt i nv e ntion, resp e ct i v e ly; 

F I G. 6 il l ustrates an embodiment of the i nvention usod to d o torm i no tho avorago 
mo le cu l ar w ei ght of po l ystyren e i n toluen e dur i ng po l ymerization; 

FIG. 7 i s a graph of th e fr e quency r e sponse of a tun i ng fork r e sonator for pur e 
toluene 4a and four d i ff e r e nt molecular we i ghts of po l ystyrene; 

FIG. 8 i s a graph of a calibr a t i on curv e correspond i ng to th e data shown in FIG. 7; 

[0020] FIGS. 9a and 9b 4 b are simplified schematic diagrams illustrating a tuning 
fork resonator connection with the measurement circuit in a preferred embodiment of 
the present invention; 

FIG. 9g4c illustrates a sample response of the representative circuit shown in FIG. Qb\ 
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FIG. 10 i ll ustrat e s an embod i ment of tho invention used for h i gh throughput scrooning of 
cat al yst comb i n a tor i al l ibrar i es; and 

[0021] FIG. 1 1 i s a simp l ifi e d c i rcu i t d i agram for a mu l t i pl e x e d contro l c i rcuit su i tab le 
for us e with th e e mbod i ment shown in FIG. 10. 4 b; 

[0022] FIGS. 42a5a and 42b5b are examples of traces comparing the frequency 
responses of the TSM resonator and the tuning fork resonator of the present invention, 
respectively; 

[0023] FIGS. 43a6a and 4-3b6b are examples of graphs illustrating the relationship 
between the viscosity density product and the equivalent serial resistance of the TSM 
resonator and the tuning fork resonator of the present invention, respectively; 
[0024] FIGS. 44a7a and 44b7b are examples of graphs illustrating the relationship 
between the dielectric constant and the equivalent parallel capacitance of the TSM 
resonator and the tuning fork resonator of the present invention, respectively; 
[0025] FIGS. 4§a8a and 4§b8b are examples of graphs illustrating the relationship 
between the molecular weight of a sample composition and the equivalent serial 
resistance of the TSM resonator and the tuning fork resonator of the present invention, 
respectively, in a polymerization reaction; 

[0026] FIGS. 4§a9a and 4Sb-9b illustrate another embodiment of the invention using 
a resonator that is treated with a coating for targeting detection of specific chemicals; 
and 

[0027] FIGS. 17a. 17b, and 17c 10a. 10b and 10c illustrate examples of different 
multiple resonator sensors of yet another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

G l ossary 

Th e fo l lowing t e rms ar e i nt e nd e d to have th e fol l owing g e n e ra l m e anings as us e d 
her ei n. 

Substrat e 

A substr a t e is a m a ter i al hav i ng a r i gid or semi r i g i d surfac e . I n m a ny e mbodiments at 
l east ono surface of tho substrate w ill bo substant i a l ly f l at. I n somo embodim e nts the 
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substrat e w ill conta i n phys i ca l s e p a rations b e twe e n synth e s i s r e gions for diff e r e nt 
m a t o r i a l s. Suitabl e phys i c al sep a rat i ons inc l ude, for examp le , d i mpl o s, wel l s, raisod 
reg i ons, and otchod trenches. Accord i ng to other embod i m e nts, smal l beads or pe ll ets 
may be provid e d on th o surf a ce, either a l on o or w i thin substrate surface d i mp l os. Th e 
surface ar e a of th e substr a t e i s d e s i gned to m ee t th e r e qu i rem e nts of a part i cu l ar 
a pp li cat i on. Typ i cally, th e surf a c e a r e a of th e substrat e i s i n th e rang e of 1 cm^to 400 
offl 2 . Howovor, othor s i zes may be used w i th tho present invent i on, for e xampl e surface 
ar e as as small as 0.001 cm 2 or as l a rgo as 10 m ^ are possible. 

Pr e d e f i n e d R e gion 

A predef i n e d r e gion i s a l oca l iz e d area on a substr a t e that i s, was, or i s i nt e nd e d to b e 
used for the formation of a sp e cific mat e rial. The pr e d e f i n e d r e gion may b e r e f e rr e d to, 
i n th e a lt e rnat i v e , as a "known" r e g i on, a "r ea ct i on" r e gion, a "s ele ct e d" region, or s i mply 
a "r e g i on." Th e pr e d e f i n e d r e gion may hav e any conveni e nt shap e , e .g., l ine a r, c i rcu l ar, 
r e ctangu l ar, e l l ipt i ca l , or w e dg e- sh a p e d. Add i t i ona l ly, th e pr e d e f i n e d region can be a 
b e ad or p elle t which is coated with the compon e nt(s) of i nt e r e st. In this embod i m e nt, the 
b e ad or p e l lo t can bo ident i f i ed w i th a tag, such a s an e tch e d binary bar cod e , that can 
bo used to i dentify which compononts w o r o depos i ted on the b e ad or p ello t. Tho aroa of 
th o pr o d o f i n o d r e gions depends on th e application and is typica ll y sma l ler than about 25 
em 2 How e v e r, th e pr e d e fined regions may be sma l l e r than 10 cm 2 , small e r than 5 cm 2 T 
sma lle r than 1 cm 2 , sm alle r than 1 mm 2 , smal le r than 0.5 mm 2 , smal le r than 10,000 
t*m 2 sma lle r than 1,000 pm 2 sm a l le r than 100 pm 2 , or e v e n sma ll er than 10 pm 2 r 

Rad i at i on 

Rad ia t i on r e f e rs to e n e rgy with a wav e l e ngth b e tw ee n 10 44 and 10 4 . Ex a mp l es of such 
radiat i on i nclud e ele ctron b e am rad i ation, gamma rad i at i on, x - ray rad i at i on, u l trav i ol e t 
radiat i on, v i s i b le l i ght, i nfrar e d rad ia tion, m i crowav e rad i at i on, and rad i o wav e s. 
Irrad i at i on r e f e rs to th e app l icat i on of radiat i on to a surfac e or an obj e ct. 

Compon e nt 

Component i s us e d h e r e in to r e f e r to e ach of th e i nd i v i dua l subst a nc e s th a t a r e 
d e pos i ted onto a substrat e . Compon e nts can act upon on e anoth e r to produc e a 
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part i cu l ar materia l . Components can roact d i roetly with oach othor or w i th an oxtorna l 
o n o rgy sourc e such as rad i ation, an o l o ctr i c f i o l d, or a magnotic fi el d. A th i rd mater i al or 
a ch e m i ca l substance can a l so act upon components. A compon e nt can be an element, 
a ch e mica l , a mat e rial, or a mixture of elements and chemicals. Components can form 
l ayers, b le nds or m i xtur e s, or comb i nat i ons th e r e of 

Source Materia l 

The term source mat e r ial is used her ei n to refer to th e orig i na l mater i al from wh i ch a 
component was d e r i v e d. Sourc e mater ial s can b e composed of ele m e nts, compounds, 
ch e mica l s, molecu le s, e tc. that ar e dissolv e d in a so l vent, v a poriz e d, evaporated, 
boil o d, subl i m e d, ablat o d, etc., thus allow i ng the sourco m a t e rials to d e posit onto a 
substrat e dur i ng th e synth e s i s process. 

Resulting Mat e r i al 

Th e t e rm r e sulting materia l i s us e d h e r ei n to r e fer to th e compon e nt or combination of 
components that have boon deposited onto a prod o f i nod region of a substrate. The 
r e su l ting mat e r i a l s may compr i s e a s i ng l e component, or a combination of compon e nts 
that have react e d diroet l y w i th o ach other or with an oxt o rna l sourco. A l t e rnat i vely, the 
r e sulting materia l may compr i se a lay e r, b le nd or mixtur e of components on a 
pr o dof i n o d region of the substrate. The resulting mat e ria l s ar o screen e d for specif i c 
properties or charact e r i st i cs to d e t e rmine th ei r re l at i v e p e rformanc e . 

M i xture or B le nd 

The term mixture or, intorchangoab l y, b l ond rofors to a col l ection of molecu l es, ions, 
e l ectrons, or chem i ca l — substances. — Each — compon e nt in the m i xtur e can — be 
i ndependently var i ed. A m i xture can consist of two or more substances i nterming l ed 
with no constant perc e ntag e compos i t i on, wher ei n e ach compon e nt may or may not 
retain i ts e ss e ntial or i ginal propert i es, and whore mo l ecu l ar phas o mix i ng may or may 
not occur. In mixtur e s, th e compon e nts making up th o mixtur e m a y or may not r e m a in 
d i st i nguishab l e from oach othor by virtue of tho i r chem i cal structure- 
Lay e r 

Th e t e rm l ay e r is used her ei n to r e fer to a mat e r i a l that s e parates on e mat e r i a l , 
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component, substrate or onvironmont from another. A layer i s often th i n i n relation to its 
a rea and cov o rs th e mat e r i a l b e n e ath it. A l ay e r may or may not be thin or flat, but onc e 
it is d e posited i t genera ll y cov e rs the entire surfac e such that it s e parat e s the 
compon e nt or substrate be l ow th e layor from th e compon e nt or e nv i ronm e nt above the 
l ayer. 

H e terogeneous Catalysts 

Het e rog e n e ous cata l ysts e nab le cat a lytic r e actions to occur w i th th e r e actants and 
cata l ysts r e sid i ng i n diff e r e nt phases. As us e d here i n, heterog e n e ous catalysts inc l ude, 
but ar e not li mit e d to, mixed m e tal oxid e s, mix e d metal nitr i des, mix e d meta l su l fid e s, 
m i x e d meta l carb i des, m i x e d met a l fluorid e s, m i x e d m e tal silicat e s, mix e d m e t al 
a luminat e s, m i xed m e ta l phosphates, nob ol m e tals, z e o l it e s, m e t al alloys, int e rmeta ll ic 
compounds, inorgan i c m i xtur e s, inorganic compounds, and inorgan i c salts. 

Homog e neous Catalysts 

Homogeneous catalysts enable catalytic reactions to occur with the reactants and 
cata l ysts r e sid i ng in th e same phas e . As us e d h e r ei n, homog e n e ous cata l ysts i nc l ud e , 
but are not l i mited to, catalysts for the po l ym e rization of one or more o l ef i n i c or v i ny l 
monomers. Th e ol e finic monomers i nclud e , but ar e not l i m i ted to, e thy le n e or a l pha 
olefins containing from 3 to 10 carbon atoms, such as propylen e , 1 butene, 1 pont a n e , 
1 h o xon e , and 1 octono. The viny l monom e rs i nc l ud e , but ar e not l i mit e d to, v i nyl 
chlorid e , v i ny l acetate, vinyl a crylato, mothy l mothacrylato, methyl vinyl o ther, ethyl v i nyl 
o th e r and ac o ton i tr i l o . Th e catalysts e mployed to carry out a polym e r i zat i on of on e or 
more monomers of this typo include, but are not l imited to, radica l catalysts, cationic 
c a ta l ysts, anion i c catalysts, and an i onic coordinat i on cata l ysts. 

G e n e rat i ng Arrays of Mat e r i a l s 

General l y, an array of materia l s is prepared by successively deliver i ng components of 
th e materia l s to pr e defined reg i ons on a substrate, a nd simultaneous l y r e act i ng the 
components to form at least two materials or, alternatively, the components are allowed 
to int e ract to form at least two mater i als. I n one e mbodim e nt, for e xamp le , a f i rst 
component of a first mat e ria l is del i vered to a f i rst predef i ned location on a substrate, 
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and a first compon e nt of a second mater i al i s d eli v e r e d to a s e cond predefin e d r e gion 
on the sam e substrat e . Simultan e ous l y w i th or th e r e aft e r, a second compon e nt of th e 
first mater i a l i s do l iverod to th o f i rst rog i on on the substrate, and a socond compon e nt of 
th o s e cond mat e rial i s d o liv o r o d to tho s e cond region on th o substrat e . Each compon e nt 
can be de li ver e d in ei ther a un i form or grad ie nt fashion to produc e e ither a singl e 
stoich i ometry or, a l t e rnativ el y, a larg e numb e r of sto i ch i ometr ie s w i th i n a sing le 
prodof i nod r o gion. The process i s repeated, w i th addit i ona l components, to form a vast 
array of compon e nts at pr e d e fin e d l ocat i ons on the substrate. Thereafter, the 
components are s i mu l taneously roactod to form at l east two materials or, al t e rnativ e ly, 
the components i nt e r a ct to form at l e ast two mat e ria l s. As d e scr i bed h e ro i n, tho 
compon e nts can b e s e qu e nt i ally or s i multan e ous l y d el iv e red to th e pr e d e fin e d r e g i ons 
on th e substrat e us i ng any of a numb e r of d i ff e r e nt d eli v e ry techn i ques. 

Num e rous comb i natoria l techniqu e s can b e us e d to synth e s i z e th e var i ous a rrays of 
d i vorso materia l s on tho substrate according to the pr o sont i nvention. For examp l e, i n 
on e embodim e nt a f i rst compon e nt of a first and s e cond mat e r i a l i s d eli v e r e d to th e 
pr e d e f i n e d reg i ons on th e substrat e . Th e n a second compon e nt of th e first and s e cond 
mat e r i als is de li vered to th e pred e f i ned r e gions on th o substrate. Th i s process continu e s 
for tho othor compon e nts ( o .g., third, fourth, f i fth, o tc. compononts) and/or tho othor 
mater i als (e.g., third, fourth, fifth, o tc. mater i a l s) until th e array i s complot o . I n anoth e r 
embod i m e nt, th o array i s formed as prev i ously descr i b e d, but the resu l ting mat e ri al s aro 
form e d i mm e diat e ly as the compon o nts contact each other on th o substrate. In y e t 
anoth e r embod i m e nt, th e array i s form e d as pr e vious l y d e scrib e d, but aft e r th e various 
components ar e d eli ver e d to the substrat e , a proc e ss i ng st e p i s carr ie d out which allows 
or caus e s th e compon e nts to i nt e ract. I n st ill anoth e r embod i ment, two or mor e 
compon e nts ar e de li v e r e d to th e pr e d e fin e d r e gions on th e substrate using fast 
sequentia l or paral l e l del i very techniques such that tho compononts i nteract with each 
oth e r b e for e cont a ct i ng th e substrat e . 

Essentia l ly, any conc ei vabl e substrat e can b e e mployed i n th e i nv e ntion. The substrat e 
can b o organ i c, inorgan i c, b i o l ogical, nonb i o l ogica l , or a combination thereof. The 
substrat e can ox i st i n a variety of forms ut il iz i ng a ny conv e n ie nt sh a p o or conf i guration. 
Th e substrat e pref e rab l y conta i ns a n a rray of d e pr e ss i ons or wells i n which th e 
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synth o s i s of tho l ibrary takes p l aco. Tho substrate preferably forms a rig i d support on 
wh i ch to carry out th e react i ons d e scr i bed hero i n. The substrate may bo any of a wide 
var i ety of materia l s i ncluding, for example, po l ymers, plast i cs, Pyrex, quartz, res i ns, 
s i l i con, s i l i ca or si li c a bas e d mat e r i a l s, carbon, metals, i norgan i c g l asses, inorgan i c 
crysta l s, and membranes. Upon review of th i s d i sc l osure, othor substrate materia l s wi l l 
b o re a dily apparent to thos e of ski ll i n tho art. Surfac e s on th e solid substrat e can be 
composed of the same materials as tho substrate or, a l ternativ el y, they can be different 
( i . e ., th e substrat e s can b o coat e d with a d i ff e r e nt material). Mor e ov e r, tho substrate 
surface can contain thoroon an adsorb e nt (for example, ce l lulose) to which tho 
components of int e r e st a r e delivered. Th o most a ppropriat e substrate and substrat e 
surface materials wil l depend on the class of mat e ria l s to bo synthes i zed and tho 
s ele ction in any given cas e w ill b e r e adi l y appar e nt to thos e of sk i l l i n th e art. 

Genera l ly, phys i cal masking syst e ms can bo e mp l oyed i n combinat i on with var i ous 
depos i tion techniques in order to apply components onto the substrate, pr e ferab l y i n an 
a rray of we l ls, i n a comb i nator i a l fashion. Thus arrays of resu l t i ng mat e rials ar e cr e at e d 
w i thin pred e fined locat i ons or wells on tho substrate. Tho arrays of resu l t i ng materials 
wi l l usua l ly differ in compos i tion and stoich i om e try. A l though tho compon e nts ar e 
typ i ca ll y d i spensed i n th e form of a l i quid, one or mor e compon e nts may be d i sp e ns e d 
in th e form of a gas or a powd e r. Th e r e for e pr i mar il y solut i on phas e depos i t i on 
techn i ques are used i nclud i ng, for examp l e, sol/gel methods, discr e t e l iquid dispensing 
techniques ( e .g. p i pettes, syring e s, i nk jots, e tc.), sp i n coat i ng with l ithography, 
m i crocontact pr i nt i ng, spraying with masks and immersion i mpregnation. Oth e r 
t e chniques may b e used, how e v e r, such as sputter i ng, e l ectron b e am and th e rma l 
e vaporat i on, laser deposit i on, ion beam depos i tion, chem i ca l vapor deposit i on, and 
spray coat i ng, D i sp e ns e r systems can b o manual or, alt e rnat i ve l y, they can be 
automated using, for e xamp l e, robotics techniques. A descr i pt i on of systems and 
methods for g e n e rat i ng arrays of m a t e r i a l s can bo found i n common l y ass i gn e d, co 
pend i ng patent app li cations "The Combinator i al Synthosis of Novel Materials", 
Pub l icat i on No. WO 95/13278, fil e d Oct. 18, 1995; "Syst e ms and M e thods for th e 
Combinator i a l Synthesis of Nove l Mater i a l s," patent appl i cat i on Sor. No. 08/841,423, 
f ilo d Apr. 22, 1997; and "Discov e ry of Phosphor Mat e ria l s Us i ng Comb i natoria l 
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Synthes i s Techniques," provis i ona l patent appl i cation Sor. No. 60/039,882, f i l o d Mar. 4, 
1097; the compl e t e d i sc l osures of wh i ch ar e i ncorporated her e in by r e f e r e nc e for a l l 
purpos e s. 

In som e embod i ments of the present i nvent i on, aftor the components have been 
d e pos i t e d onto or w i thin pr e d e fin e d regions on a substrate, th e y ar e r e acted us i ng a 
number of different techn i ques. For examp l e, th e components can bo reacted using 
so l ut i on — bas e d — synth e s i s techniques, — photochemica l techn i ques, — po l ym e r i zat i on 
techniqu e s, temp l ate dir e cted synth e s i s techn i qu e s, e p i tax i a l growth techn i qu e s, by th e 
so l g e l proc e ss, by th e rmal, i nfrar e d or m i crowav e h e ating, by ca l cinat i on, sint e r i ng or 
annea l ing, by hydrothorma l methods, by f l ux methods, by crysta l lization through 
vapor i zation of solv e nt, e tc. Furth e rmore, e ach pr e d e fin e d r e gion on the substrat e can 
be heated simultaneous l y or sequ e ntially using h e at sources such as focusod i nfrared 
rad i at i on, r e sist i v e heat i ng, e tc. Reactants can, for exampl e , bo dispensed to the l i brary 
of e l em e nts i n the form of a gas or a l i qu i d. Other usefu l techniques that can bo used to 
r e act th e components of int e r e st wi ll b e r e ad i ly appar e nt to thos e of sk ill in th e art. 
Add i tiona ll y, components can react w i th each othor i nstant l y, upon contact i ng e ach 
oth e r, or i n th e air b e fore contact i ng th e substrat e . 

Once prepar e d, the array of resu l t i ng mat e rials can bo scr ee ned for us e fu l propert i es 
and/or th e r e sulting mat e r i a l s can be ranked, or otherw i s e compar e d, us i ng th e methods 
d e scr i b e d here i n. E i th e r th e e nt i r e array or, a l ternat i v e ly, a s e ct i on th e r e of (e.g., a row of 
pred e fin e d r e gions) can b e scre e n e d using parall el or fast s e qu e ntia l scre e ning. Th e 
ar e a and/or vo l um e of th e pr e def i n e d reg i ons va ri es, as do e s the number and d e nsity of 
r e g i ons p e r substrate, d e p e nd i ng upon the spec i f i c int e nded application. S i milar l y, th e 
number of d i ff e rent materi a ls conta i ned w i th i n an a rray a l so v a r ie s with the int e nded 
appl i cation. Result i ng materials includ e , but are not lim i t e d to, l iqu i ds, d i ssolv e d organic 
or i norg a nic mo le cul e s, non - b i olog i ca l organ i c po l ymors, po l ym e rs part i a ll y or ful l y 
dissolv e d in a solv e nt, cova l ent n e twork so l ids, i on i c so l ids and mo le cu l ar, i norganic 
mat e r ial s, i nt e rm e tal l ic m a teria l s, meta l al l oys, c e ramic mat e r i a l s, organ i c mat e r i al, 
organom e tallic mat e ria l s, compos i t e mater i a l s ( e .g., inorgan i c compos i t e s, organ i c 
compos i tes, or comb i nations th e r e of), and homog e n e ous or hot o rogon e ous cata l ysts. 
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Givon the chomica l compl o x i ty of catalyt i c systems, the lack of predictivo models, tho 
number of poss i bl e comb i nations of mota l s, counter i ons, l igands, and supports, and tho 
t i me consum i ng process of evaluat i ng tho performanc e of each cata l yst formulat i on 
ut il izing convent i onal l aboratory pi l ot reactors, i t is not surpr i s i ng that the search for th e 
optimum catalyst i s a t i m e consuming and i n e ffic i ent process. Thus, a comb i nator i a l 
approach to tho d i scov e ry and optimization of cata l yt i c systems, wh i ch comb i nes th e 
synthesis of cata l yst l i brari e s w i th th e scre e ning too l s of th i s inv e ntion, is usefu l for 
acc ele rat i ng th e pac e of r e search i n th i s f iel d. Th e catalyst l ibrar ie s of the pr e s e nt 
i nvention can include organ i c (e.g., catalytic ant i bod ie s) , organomotal l ic, heterogeneous 
o r s o li d stat e i norgan i c array ele m e nts. For purpos e s of th i s i nv e nt i on, a catalyst is 
d e fin e d as any mater i a l that acc ele rat e s th e rat e of a ch e m i ca l r e action and wh i ch is 
e ith e r not consum e d dur i ng th e r ea ction or wh i ch i s consum e d at a rat e s l ow e r (on a 
mo l ar bas i s) than th e r e action that i s b ei ng catalyz e d. Organom e ta lli c cata l yst librari e s 
which can b e scr ee n e d for usefu l cata l ytic propert i es i nc l ud e , but ar e not li mit e d to, 
those descr i bed i n co pond i ng U.S. patent app l ication Ser. No. 08/898,715, fi l ed Ju l . 22, 
1997, which is hereby i ncorporated by referenc e for a l l purpos e s. 

Ultrason i c Imag i ng 

I n th i s aspect of the i nv e nt i on, syst e ms and methods are provid e d for imag i ng l ibrar i es 
of mat e r i a l s with u l trasonic im a g i ng t e chniqu e s. I n a f i rst e mbod i m e nt, an acoust i c 
app a r a tus and method for i mag i ng of a l i brary of mat e r i als i s prov i d e d. Th e app a ratus 
i nc l ud e s a d e v i c e for g e n e rat i ng acoust i c w a v e s that can propagat e i nto a m e mb e r or 
e l ement of inter e st w i th i n a li brary and a d e t e ctor for sens i ng the propagation and 
ref l ection of the acoustic wav e s from the li brary ele ments. Th e source and th o d e t e ctor 
of a coust i c wav e s may b e th e s a m e apparatus, typ i ca ll y a p ie zo ele ctric crysta l . Aft e r 
d e tecting th e a coust i c wavos propagat e d from th o ele m e nt, th e li brary and th o acoust i c 
wav e d e t e ctor a r e mov e d r e lat i v e to one anoth e r, pref e rably in a raster scanning 
patt e rn. — The — magn i tud e — and — phas e of th e d e t e ct e d — acoustic wav e s a nd — the 
corr e spond i ng scan patt e rn of th e l ibrary ar e r e cord e d so that v i sua l imag e s of th e 
l ibrary can b e obtain e d. I n addit i on, by proc e ssing the obta i n e d data i n accordanc e w i th 
a mod el of samp le acoustic b e am i nt e ract i on, informat i on about the el astic prop e rt ie s of 
i nd i v i du al li brary memb e rs can b e ca l cu la t e d. From th e r el at i v e el ast i c properti e s of 
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el e ments in tho library, rolat i v o measures of such properties as mol e cular we i ght, 
branching, and co monomer cont e nt may bo i nf e rred. 

In a second e mbod i m e nt of th o inv e nt i on, acoust i c wav e s ar e generated i n a tank fi lle d 
w i th a coup li ng liqu i d using a conv e ntiona l mu l ti e l ement u l trasound i maging head or 
on e of custom d e s i gn. Th e l i brary of e lem e nts is plac e d within th e tank such that 
acoust i c wav e s move from tho transduc e r through th e f l uid, a cross the substrat e , and 
i nto the el em e nts of th o l i brary. Tho r e f le ct i ons from each interface and from within th e 
i nd i vidua l l i brary elements are r e corded by the u l trasound transducer head. Material 
prop e rt ie s can b o ca l cu l ated from th e record e d tempora l pattern. Alternativ e ly, the 
structure or morphology of the surface of tho li brary e l ements, or a liquid interface 
d e pos i t e d on top of them, may b o r e cord e d using a laser probe or oth e r i mag i ng 
system. Furth e rmore, sinco tho recorded disturbance is r e pr e sentative of tho physica l 
structure of th e l ibrary, a corr e spondenc e between th e surface pattern and th o geom e try 
and mechanic al properti e s of th o libr a ry can be constructed. Lastly, tho coll e cted data 
can be us e d to der i v e microscopic prop e rties of ind i v i dua l el em e nts of th o l ibrary, for 
exampl e , sound veloc i ty and att e nuat i on as a function of e l e m e nt position can b e 
d e r i v e d. 

In a th i rd embodiment of th e invent i on, an acoustic le ns e xcit e s acoust i c wav e s w i th i n 
ele m e nts of th e mater i al arr a y. Tho o xcited acoust i c waves are in a form of short pulses. 
Th e magn i tud e of th e e cho e s produc e d by th e acoustic waves is m e asur e d, as is th e 
t i m e delay b e tw ee n th e e xcitat i on puls e s and tho echoes from th e liqu i d - m a terial and 
mat e r i al substrate i nterfaces. Th e l i brary a nd th e acoust i c wave det e ctor a re mov e d 
r e lativ e to on e a noth e r in a rast e r scann i ng patt e rn and th e co l l e ct e d data i s r e cord e d. 
Bas e d upon th o co ll ect e d data an a coustic imag e of th o l ibrary can b e g e n e rat e d. Th e 
tim e reso l v e d i mage can g i ve va l uable informat i on about li br a ry topography. For 
e xamp l e, the f i rst echo prov i d e s informat i on r e lated to th e impedanc e m i smatching on 
th e e lem e nt - coupl i ng liquid i nterfac e and th e s e cond e cho provid e s informat i on a bout 
th e sound v el ocity d i str i bution in th e el em e nt mat e r i a l . 

I n a fourth embodim e nt of tho i nvention, indiv i dua l p ie zo e lectric transducers are 
i nt e grat e d into th e substrate. Typ i cally th e transduc e rs ar e fabric a ted into the substr a t e 
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using standard fabrication techn i ques. Tho l ibrary o l omonts are then depos i ted onto tho 
substrat e such that each ind i vidua l li brary e l em e nt corr e sponds to an indiv i dua l 
p ie zo ele ctr i c transduc e r. Th e transducers serv e th e dua l funct i on of e xc i t i ng th e 
acoust i c wav e and r e c e iving th e r e turn wav e . 

F I G. 1 i s an i ll ustrat i on of a transduc e r Io ns system coupl e d to a library. Th o library is 
comprised of an array of o l omonts 101 contained w i thin or on a substrate 103. 
Substr a te 103 i s coupl e d to a tank 105 containing a coupl i ng medium 107. Coupl i ng 
m e d i um 107, s ele ct e d on th e basis of i ts acoust i c prop e rt i es, i s s ele ct e d from a var ie ty 
of li quids, for e xamp le , wat e r, m e rcury, e tc. A transduc e r -le ns system 109 provid e s th e 
acoust i c wavos that pass through l i quid 107 and are coup l od i nto o l omonts 101 and 
substrat e 103. Transduc e r - lens syst e m 109 i s a l so us e d to m e asure th e magn i tud e a nd 
t i m e d el ay b e tw ee n th e e xc i tation puls e s and the echoes. I f d e s i red, th e e xcitat i on 
transducer may be s e par a t e from th e r e c e iv i ng transduc e r. As d e scr i b e d above, 
transduc e r l ens 109 i s scann e d across th e array i n ord e r to obta i n information about th e 
e nt i r e a rray. A l t e rnat i v el y, an array of transduc e r -le ns e s m a y be us e d (not shown) as i s 
us e d i n conventiona l u l trasound imaging. 

F I G. 2 ill ustrates a comb i nator ial li brary synth e s i zed on a substrate cons i sting of 
integrat e d p ie zo ele ctr i c transduc e rs. In th e pr e f e rr e d e mbod i m e nt, th e ind i v i dual 
p ie zoelectric transduc e rs 201 compr i s i ng th e transduc e r array ar e dir e ct l y i ncorporat e d 
i nto substrat e 103. Each transduc e r 201 i s a li gn e d such that i t i s dir e ct l y adjac e nt to a 
corresponding l i br a ry ele ment 101. Transduc e rs 201 serv e as both th e transmitt e rs and 
r e c ei v e rs of the acoust i c o n o rgy. Tho output signa l s from transduc e rs 201 can b e 
multiplexed for sorial re a dout. I n an alt e rnativ e e mbodim e nt, transducers 201 ar e 
mount e d onto a separate substrat e (not shown) th a t i s brought into contact w i th 
substr a t e 103. I n anoth e r a l t e rnat i v e e mbod i ment, substrat e 103 i s form e d of a 
piezo e l e ctric mat e r i a l and el ectrod e s ar e attach e d d i r e ctly und e r e ach l ibrary ele m e nt 
(not shown). 

M e chanical Oscil l ator Prob e s 

A l though u l trason i c transducers can be us e d to d e t e rm i n e a variety of mat e r i a l 
propert i es, this tochn i quo i s not su i tab l e for all l iquids. Typ i ca l ly tho siz e of th e 
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transducer and the col l should bo much groat o r than tho acoustic wavolongth; otherwise 
th o diffract i on e ff e cts and steady wav e s w i thin the c ell b e com e too complicat o d. For a 
co l l on th e ord e r of a f e w centim e t e rs, th e fr e qu e ncy should b e above 1 MHz. How e v e r 
comp le x li qu i ds and solut i ons, such as po l ymer so l ut i ons, oft e n b e have li ke elast i c g e ls 
at high frequencies duo to the i r re l axation time corr e sponding to sign i ficant l y l ower 
fr e qu e nc ie s. 

Th o method and apparatus of th o pr e sent i nv e nt i on focuses on us i ng a m e chanica l 
r e son a tor to gen e rate and r e c e iv e osc i l l at i ons i n a f l u i d composit i on for testing i ts 
ch a r a ct e r i stics i n a combinator i a l chem i stry proc e ss or oth e r proc e ss r e qu i r i ng analys i s 
of tho f l uid composition's phys i ca l and/or ch e m i ca l propert ie s. A l though th e d e ta il ed 
descr i ption focus e s on combinatorial ch e mistry and tho measurement of a l i quid 
compos i t i on's charactor i stics, tho invention can bo used in any appl i cation requir i ng 
m e asur e m e nt of char a cter i stics of a flu i d composit i on, whether th e fluid i s in l i quid or 
vapor form. Tho flu i d compos i tion i tsolf can b o any typo of f l u i d, such as a so l ut i on, a 
li qu i d conta i ning susp e nded particulat e s, or, in som e embod i m e nts, e v e n a vapor 
conta i ning a part i cular ch e mica l or a mixtur e of chemica l s. I t can a l so inc l ud e a liquid 
compos i t i on und e rgoing a phys i ca l and/or ch e mica l chang e ( o .g. an i ncreas e in 
viscos i ty). 

Shear - mod e transduc e rs as w ell a s var i ous surface - wav e transduc e rs can b e used to 
avo i d som e of th e prob le ms assoc i ated w i th typ i ca l ultrasonic transduc e rs. Sinc e l e aky 
surfac e acoustic wav e s d e cay e xpon e nt i al l y w i th th e distanc e from th o s e nsor surfac e , 
such s e nsors t e nd to b e insens i t i v e to th e g e om e try of th e m e asur e ment vo l um e , thus 
e lim i nating most d i ffract i on and r e f l ection prob le ms. Furth e rmore, such s e nsors ar e 
cheap, r e producibl e , and can bo us o d to construct h i gh throughput scr ee ning devices. 
Unfortunat e ly th o operation frequ e ncy of th e s e s o nsors i s a l so h i gh, thus r o str i ct i ng th o ir 
a pp l icab ili ty as m e nt i on e d a bov e . Mor e ov e r, at such fr e qu e nci e s on l y a vory th i n lay e r 
of l iquid n e ar th e s e nsor surfac e w il l i nf l u e nc e th e r e spons e of th e s e nsor. Thus 
mod i f i cat i on of th e surface of the s e nsor through adsorpt i on of so l ut i on compon e nts w ill 
ofton resu l t in dramat i c changes in propert i es assoc i at e d with the sensor. 

To e l im i nate the effects of diffraction, acoust i c wav o interference, and m ea sur e m e nt c ol l 
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g e ometry, i t i s proforablo to us o a transducor or sensor that does not oxcito acoustic 
waves. A s o nsor th a t i s much sma l l e r than tho wav ele ngth accomplishos th o s e goa l s, 
providing an osc i llator that i neffectively oxc i tos acoustic waves in the surround i ng 
m e dia. Des i gning the d i ff e r e nt parts of th o s o nsor to osci l late in opposite phases can 
e nhanc e th i s e ff e ct. In such a r e sonator most of th e mechan i ca l e n e rgy assoc i at e d w i th 
th o oscil l at i on d i ssipates duo to th e viscosity, both sh e ar and bulk, of th e li qu i d involv e d 
in the osc il latory mot i on. Th e s e nsor produces a hydrodynamic f l ow ve l ocity f iel d that 
d e cays with th e d i stance from s e nsor. Thus l iqu i d at a d i stanc e a f e w t i m e s great e r than 
the s e nsor d i m e ns i on r e mains pract i ca ll y unp e rturb e d. I f th e m e asur e ment ce l l is l arg e 
e nough to conta i n th e f ie ld of p e rturbat i on, tho devic e b e comes i nsens i t i ve to th e c e ll 
geometry. Examp le s of su i tab le osc i llators inc l ude p ie zoc e ramic and quartz r e sonators 
e mbodi e d in th e form of a tun i ng fork, a un i morph, or a b i morph. F I GS. 3 and A il lustrate 
th e osc ill ation modes of tuning fork and b i morph/un i morph r e son a tors, resp e ct i v el y. 

Typica ll y a system according to the invention uses an AC vo l tage source to exc i te 
oscillat i on of th e r e sonator. Th e syst e m also i nc l udes a r e c ei v e r wh i ch m ea sures th e 
fr e qu e ncy r e sponse of the r e sonator i n th e l iqu i d und e r t e st. Th e r e spons e of th e 
r e sonator var ie s d e p e nd i ng upon th e v i scosity, sp e c i fic w ei ght, and el astic i ty of th e 
liquid und e r t e st. I n some cas e s th e d iele ctric constant and th e conduct i vity of th e l i qu i d 
can inf l u e nce the r e spons e of the resonator. If prop e rties of the l iqu i d vary w i th t i me, th e 
r e spons e of the r e sonator w ill s i m il arly vary. By ca l ibrat i ng th e r e sonator to a set of 
standard li quids with known prop e rti e s, th o prop e rties of an unknown liqu i d can be 
d e t e rm i n e d from th e r e spons e of the r e sonator. 

[0028] M e chanical r e sonators, such as th i ckness sh e ar mod e (TSM) quartz 
resonators 10, are used in th e pr e sent i nv e nt i on for m e asuring var i ous phys i ca l 
propert i es of f l uid compos i t i ons, such as a li qu i d's viscos i ty, mo le cu l ar we i ght, sp e c i f i c 
weight, e tc., i n a comb i natoria l ch e m i stry sett i ng or oth e r li quid measur e m e nt 
appl i cation. Referr i ng to FIG. The method and apparatus of the present invention 
focuses on using a mechanical resonator to generate and receive oscillations in a fluid 
composition for testing its characteristics in a combinatorial chemistry process or other 
process reguiring analysis of the fluid composition's physical and/or chemical properties. 
Although the detailed description focuses on combinatorial chemistry and the 
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measurement of a liquid composition's characteristics, the invention can be used in any 
application requiring measurement of characteristics of a fluid composition, whether the 
fluid is in liquid or vapor form. The fluid composition itself can be any type of fluid, such 
as a solution, a liquid containing suspended particulates, or, in some embodiments, 
even a vapor containing a particular chemical or a mixture of chemicals. It can also 
include a liquid composition undergoing a physical and/or chemical change (e.g. an 
increase in viscosity). 

[0029] Mechanical resonators, such as thickness shear mode (TSM) guartz 
resonators 10, are used in the present invention for measuring various physical 
properties of fluid compositions, such as a liquid's viscosity, molecular weight, specific 
weight, etc., in a combinatorial chemistry setting or other liquid measurement 
application. Referring to FIG. 1a, TSM resonators 10 usually have a flat, plate-like 
structure where a guartz crystal 12 is sandwiched in between two electrodes 14. In 
combinatorial chemistry applications, the user first generates a "library", or large 
collection, of compounds in a liquid composition. Normally, each liquid composition is 
placed into its own sample well. A TSM resonator 10 connected to an input signal 
source (not shown) is placed into each liquid composition, and a variable freguencv 
input signal is sent to each TSM resonator 10, causing the TSM resonator 10 to 
oscillate. The input signal freguencv is swept over a predetermined range to generate a 
unigue TSM resonator 10 response for each particular liguid. Because every compound 
has a different chemical structure and conseguentlv different properties, the TSM 
resonator 10 response will be also be different for each compound. The TSM resonator 
response is then processed to generated a visual trace of the liguid composition being 
tested. An example of traces generated bv the TSM resonator 10 for multiple liguid 
compositions is shown in FIG. 5a , TSM resonators 10 usual l y havo a flat, plato l ike 
structur e wh e r e a quartz crystal 12 i s sandw i ch e d i n b e tw ee n two e l e ctrod e s 14. In 
combinator i a l chem i stry app l ications, tho user f i rst g o n o ratos a " li brary", or l arg e 
- co l l e ct i on, of compounds in a liquid composition. Normal l y, e ach l iqu i d composition i s 
placed into i ts own samp l e wol l . A TSM resonator 10 connoct o d to an i nput signal 
sourc e (not shown) i s p l ac e d i nto e ach l i quid composit i on, and a variab l e fr e quency 
input s i gnal i s sont to o ach TSM resonator 10, caus i ng tho TSM resonator 10 to 



23 



Express Mailing No. EV554439981 US Substitute Specification 

Attorney DOCKET No. 1012-122C4 (97-8CIP1CON4) 

osGi ll ato. Tho i nput s i gna l froquonoy i s swopt ovor a prodotorm i ned range to generate a 
un i qu e TSM r e sonator 10 r e spons e for each p a rt i cu l ar liqu i d. Becaus e ovory compound 
has a d i fferent chem i ca l structure and consoquontly different properties, tho TSM 
resonator 10 r e spons e w ill b e also b e diff e r e nt for e ach compound. Th e TSM r e sonator 
response is then process e d to generat e a visua l trac e of the li qu i d compos i t i on b ei ng 
t o st o d. An exampl e of traces gen e rat e d by tho TSM resonator 10 for mu l t i pl e l i quid 
compositions i s shown i n F I G. 12a. . Screening and analysis of each compound's 
properties can then be conducted by comparing the visual traces of each compound 
with a reference and/or with other compounds. In this type of application, the TSM 
resonator 10 serves both as the wave source and the receiver. 

[0030] Two types of waves can be excited in liquids: compression waves (also called 
acoustic waves), which tend to radiate a large distance, on the order of hundreds of 
wavelengths, from the wave-generating source; and viscose shear waves, which decay 
almost completely only one wavelength away from the wave-generating source. In any 
liquid property testing, acoustic waves should be kept to a minimum because they will 
create false readings when received by the resonator due to their long decay 
characteristics. For typical prior art ultrasonic transducers/resonators, the resonator 
oscillation creates acoustic waves that radiate in all directions from the resonator, 
bounce off the sides of the sample well, and adversely affect the resonator response. 
As a result, the resonator response will not only reflect the properties of the liquid being 
measured, but also the effects of the acoustic waves reflecting from the walls of the 
sample well holding the liquid, thereby creating false readings. Using a sample well that 
is much greater than the acoustic wavelength does minimize the negative effects of 
acoustic waves somewhat, but supplying thousands of sample wells having such large 
dimensions tends to be impractical. 

[0031] TSM resonators 10 primarily generate viscose shear waves and are therefore 
a good choice for liquid property measurement in combinatorial chemistry applications 
because they do not generate acoustic waves that could reflect off the sides of the 
sample wells and generate false readings. As a result, the sample wells used with the 
TSM resonators 10 can be kept relatively small, making it feasible to construct an array 
of sample wells for rapid, simultaneous testing of many liquids. The high stiffness of 
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TSM resonators 10, however, requires them to be operated at relatively high 
frequencies, on the order of 8-10 MHz. This stiffness does not adversely affect 
measurement accuracy for many applications, though, making the TSM resonator an 
appropriate choice for measuring numerous liquid compositions. 
[0032] However, TSM resonators 10 can be somewhat insensitive to the physical 
properties of certain liquids because the load provided by the surrounding liquid is less 
than the elasticity of the resonator. More particularly, the high operating frequencies of 
TSM resonators 10 make them a less desirable choice for measuring properties of 
certain liquid compositions, particularly high-molecular weight materials such as 
polymers. When high frequency waves are propagated through high molecular-weight 
liquids, the liquids tend to behave like gels because the rates at which such large 
molecules move correspond to frequencies that are less than that of the TSM 
resonator's oscillations. This causes the TSM resonator 10 to generate readings that 
sometimes do not reflect the properties at which the liquids will actually be used (most 
materials are used in applications where the low-frequency dynamic response is most 
relevant). Although it would be more desirable to operate the TSM resonator 10 at lower 
frequencies so that laboratory conditions reflect real world conditions, the stiffness of 
the TSM resonator 10 and its resulting high operating frequencies can make operation 
at lower frequencies rather difficult. Further, even when the TSM resonator 10 can 
accurately measure a liquid's properties, the differences in the visual traces associated 
with different compositions are relatively slight, making it difficult to differentiate between 
compositions having similar structures, as shown in FIG. 4£ar5a. 
[0033] TSM resonators and other plate-type resonators, while adequate, may not 
always be the best choice for measuring the electrical characteristics, such as the 
dielectric constant, of the liquid composition being measured. As shown in FIG. §a1a, 
the cross-section of a TSM resonator 10 has the same structure as a flat capacitor, 
resulting in relatively little coupling between the electric field of the resonator and the 
surrounding composition. While there can be enough electrical coupling between the 
resonator and the composition to measure the composition's electrical properties, a 
greater amount of electrical coupling is more desirable for increased measurement 
accuracy. Electrical coupling will be explained in greater detail below when comparing 
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the electrical characteristics between the TSM resonator 10 and the tuning fork 
resonator 20. 

[0034] FIGS. §a1a and §b1b show a cross-section of a TSM resonator plate 10 and 
a tuning fork tine 22, respectively. The tuning fork resonator 20 is preferably made from 
a quartz crystal 24 and has two tines 22, as represented in FIG. 32, each tine having 
the quartz crystal center 24 and at least one electrode 26 connected to the quartz 
crystal 24. The tuning fork tines 22 in the preferred structure have a square or 
rectangular cross-section such that the quartz crystal center 24 of each tine has four 
faces. The electrodes 26 are then attached to each face of the quartz crystal center 24, 
as shown in FIG. 5kr1b, The method and system of the present invention can use any 
type of tuning fork resonator, such as a trident (three-prong) tuning fork or tuning forks 
of different sizes, without departing from the spirit and scope of the invention. 
[0035] The cross-sectional views of the TSM resonator 10 and the tuning fork 
resonator 20 shown in FIGS. §a1a and §b1b also illustrate the relative differences 
between the electric coupling of each resonator with the surrounding liquid. Referring to 
FIG. §a1a, the structure of the TSM resonator 10 is very flat, making it close to a perfect 
capacitor when it is placed in the liquid to be measured. As noted above, the quartz 
crystal 12 in the TSM resonator 10 is sandwiched between two electrodes 14, causing 
most of an electric field 16 to travel between the two electrodes through the quartz 
crystal 12. Because most of the electric field 16 is concentrated within the quartz crystal 
12 rather than outside of it, there is very little electric coupling between the TSM 
resonator 10 and the surrounding liquid except at the edges of the resonator 10. While 
there may be sufficient electrical coupling to measure the electrical properties, such as 
the conductivity or dielectric constant, of the liquid composition being tested, a greater 
degree of coupling is desirable to ensure more accurate measurement. 
[0036] By comparison, as shown in FIG. §b1b, the structure of each tuning fork tine 
22 allows much greater electrical coupling between the tine 22 and the surrounding 
liquid because the tuning fork tine's cross-sectional structure has a much different 
structure than a flat capacitor. Because the tuning fork tine 22 is submerged within the 
liquid being tested, an electric field 27 associated with each tine 22 does not 
concentrate in between the electrodes 24 or within the quartz crystal 24, but instead 
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interacts outside the tine 22 with the surrounding liquid. This increased electrical 
coupling allows the tuning fork 20 to measure accurately the electrical properties of the 
liquid as well as its physical properties, and it can measure both types of properties 
simultaneously if so desired. 

[0037] One unexpected result of the tuning fork resonator 20 is its ability to suppress 
the generation of acoustic waves in a liquid being tested, ensuring that the resonator's 
20 physical response will be based only on the liquid's physical properties and not on 
acoustic wave interference or the shape of the sample well holding the liquid. As 
explained above, TSM resonators 10 minimize excitation of acoustic waves because it 
generates shear oscillations, which do not excite waves normal to the resonator's 
surface. As also explained above, however, the TSM resonator 10 requires high 
frequency operation and is not suitable for many measurement applications, particularly 
those involving high-molecular weight liquids. 

[0038] Without wishing to be bound by any particular theory, the inventors believe 
that the tuning fork resonator 20 used in the present invention virtually eliminates the 
effects of acoustic waves without having to increase the size of the sample wells to 
avoid wave reflection. Tuning fork resonators 20, because of their shape and their 
orientation in the liquid being tested, contain velocity components normal to the 
vibrating surface. Thus, it was assumed in the art that tuning fork resonators were 
unsuitable for measuring liquid properties because they would generate acoustic waves 
causing false readings. In reality, however, tuning fork resonators 20 are very effective 
in suppressing the generation of acoustic waves for several reasons. First, the preferred 
size of the tuning fork resonator 20 used in the invention is much smaller than the 
wavelength of the acoustic waves that are normally generated in a liquid, as much as 
one-tenth to one-hundredth the size. Second, as shown in FIG. 3, the tines 22 of the 
tuning fork resonator 20 oscillate in opposite directions, each tine 22 acting as a 
separate potential acoustic wave generator. In other words, the tines 22 either move 
toward each other or away from each other. Because the tines 22 oscillate in opposite 
directions and opposite phases, however, the waves that end up being generated 
locally by each tine 22 tend to cancel each other out, resulting in virtually no acoustic 
wave generation from the tuning fork resonator 22 as a whole. 
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[0039] A simplified diagram of one example of the inventive mechanical resonator 20 
system is shown in FIG-67. 2. Although the explanation of the system focuses on using 
the tuning fork resonator 20, the TSM resonator 10 described above can also be used 
for the same purpose. To measure the property of a given liquid, the tuning fork 
resonator 20 is simply submerged in the liquid to be tested. A variable frequency input 
signal is then sent to the tuning fork resonator using any known means to oscillate the 
tuning fork, and the input signal frequency is swept over a predetermined range. The 
tuning fork resonator's response is monitored and recorded. In the example shown in 
FIG. 62, the tuning fork resonator 20 is placed inside a well 26 containing a liquid to be 
tested. This liquid can be one of many liquids for comparison and screening or it can 
simply be one liquid whose properties are to be analyzed independently. Further, if 
there are multiple liquids to be tested, they can be placed in an array and measured 
simultaneously with a plurality of tuning fork resonators to test many liquids in a given 
amount of time. The liquid can also be a liquid that is undergoing a polymerization 
reaction or a liquid flowing through a conduit. 

[0040] The tuning fork resonator 20 is preferably coupled with a network analyzer 28, 
such as a Hewlett-Packard 8751 A network analyzer, which sends a variable frequency 
input signal to the tuning fork resonator 20 to generate the resonator oscillations and to 
receive the resonator response at different frequencies. The resonator output then 
passes through a high impedance buffer 30 before being measured by a wide band 
receiver 32. The invention is not limited to this specific type of network analyzer, 
however; any other analyzer that generates and monitors the resonator's response over 
a selected frequency range can be used without departing from the scope of the 
invention. For example, a sweep generator and AC voltmeter can be used in place of 
the network analyzer. 

I n ono ombod i m o nt of th o invont i on i llustrated in An equivalent circuit of the tuning fork 
resonator 20 and its associated measurement circuit is represented in FIGS. 4a and 4b. 
FIG. 6, a tuning fork resonator syst e m 500 is used to monitor th e average mo l ecu l ar 
w e ight of po l ystyrono i n tolu o no so l utions dur i ng po l ym e r i zation react i ons. This 
confi g u ra t i on is not li m i t e d to th i s po l ym e rizat i on r e act i on; rath e r, th o polym e r i zat i on 
r e act i on i s s i mp l y usod as an e xamp le of an app l icat i on of this embodim e nt. The 
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mon i toring of the forming po l ymer's properties i n the presence of a po l ymer i zat i on 
cata l yst and poss i b l y a solv e nt i s essent i al i n order to est i mat e c a talyt i c activ i ty and 
conv e rs i on rat e . 

In use, a tuning fork resonator 501 i s p l aced w i th i n a we ll 503 contain i ng tho l i quid to b e 
tested. Pref e rab l y w e l l 503 is on o w ell of a p l ura li ty of w e lls conta i ned w i th i n an array. 
Resonator 501 i s typica ll y coupled to a probe and tho probe is scanned from samp l e 
we ll to samp le w el l in a r a ster fashion. A l ternat i ve l y, a n a rray of resonator probes can 
b e fabricated corr e sponding to th e array of w e lls or som e subset th e r e of, thus allow i ng 
a l a rg e number of w el ls to b e s i multaneous l y test e d. I n tho embod i ment i l l ustr a ted i n 
FIG. 6, a network ana l yzer 505, such as a HP8751A Ana l yzer, i s used to oxcito tho 
resonator osc ill at i ons and to r e c ei v e th e r e spons e of the osc il l a tor at various 
frequ e nc ie s. Resonator response i s then recorded as a function of exc i tat i on frequ e ncy. 
The output s i gnal of resonator 501 passes through a high i mpedance buff e r amp l if i er 
507 pr i or to being measur e d by tho analyz e r's wido band receiver 509. 

System 500 was calibrated using a set of st a ndard so l ut i ons of polystyrene at a 
constant concentrat i on of 52 mg/m l . I n pure to l uen e , th o fr e qu e ncy of tho resonator 
fundamenta l mod e was 28 kHz. FIG. 7 is a graph of th e fr e qu e ncy responses of 
r e sonator 501 for puro toluen e and four diff e r e nt molecular weights of polystyr e n e . Th e 
d i stance b e tw ee n the fr e qu e ncy r e spons e curv e for to l u e n e and an i- po l ym e r so l ution 
was calibr a t e d us i ng tho set of diff e r e nt mo l ecu l ar weights. Th i s d i stance i s g i v e n by: 



wfrere-4o-af}d-44 are th e start and stop fr e quenc i es, respectiv e ly, Rq is the frequ e ncy 
r e spons e of th e r e sonator i n to l u o n o , and Rj i s th e r e sonator respons e i n th e i po l ym e r 
so l ut i on. 

F I G. 8 i s a graph of a ca l ibration curv e correspond i ng to th i s data. Tho test points and 
assoc i at e d e rror bars ar e i nd i cated on th i s curv e . Obvious l y add i tional ca l ibrat i on curv e s 
can be tak e n as n e cessary. Tho graph of F I G. 8 shows that for this particu l ar resonator 
d e s i gn, th e best accuracy i s achi e v e d for mo le cular weights i n th e range of 10,000 to 
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100,000. 

To monitor a po l ymor i zat i on roaot i on, rosonator probo 501 is placed i n a moasuromont 
wo ll 503 fi ll ed w i th puro toluono and tho catalyst. Tho froquoncy respons e of tho sonsor 
for th i s so l ut i on is rooordod. Rosonator probo 501 i s thon p l aced i n a moasuromont we ll 
503 f i ll e d with tolu e n o in which a low molecular we i ght po l ystyr e n e has b o on d i sso l v e d. 
After tho cata l yst i s added, tho froquoncy response of tho resonator i s recorded at 
i nterva l s, typ i cal l y b e twe e n 10 and 30 s e conds. Th o d i stanc e of th o respons e curv e for 
tho polymer from that of pur e to l u e n e i s th e n ca l cu l at e d i n accordanc e w i th th e formu l a 
g i ven abov e . Th e mo le cu l ar w e ight of th e po l ym e r is calcu l at e d us i ng th e ca li brat i on 
curve of F I G. 8. 

As d i scuss e d above, dep e nd i ng upon th e liquid to b e t e st e d, oth e r r e sonator d e signs 
may bo used. For example, to i mprove tho suppr e ss i on of acoust i c waves, a tun i ng fork 
rosonator with four tinos can bo used. It i s a l so poss i b l e to exoito rosonator oscil l ations 
through tho use of voltage sp i kos instead of a froquoncy swoop i ng AC source. In this 
case tho decay i ng froo osci l lat i ons of tho rosonator ar e record e d i nstead of th e 
fr e qu e ncy response. A var ie ty of signal proc e ssing t e chn i qubs w el l known by thos e of 
skil l i n tho art can bo used. 

[0041] An equivalent circu i t of th e tuning fork r e sonator 20 and i ts associat e d 
moasuromont c i rcuit i s represented i n FIGS. 9a and 9b. F I G. 0a4 a represents an 
illustrative tuning fork resonator system that measures a liquid's viscosity and dielectric 
constant simultaneously, while FIG. 9Mb represents a tuning fork resonator system that 
can also measure a liquid's conductivity as well. Referring to FIG. 9a4a, the 
measurement circuit includes a variable frequency input signal source 42, and the 
resonator equivalent circuit 43 contains series capacitor Cs, resistor Rs, inductor L, and 
parallel capacitor Cp. The resonator equivalent circuit 43 explicitly illustrates the fact 
that the quartz crystal 24 in the tuning fork resonator 20 acts like a capacitor Cp. The 
representative circuit 40 also includes input capacitor Cin, input resistor Rin and an 
output buffer 44. 

[0042] The representative circuit shown in FIG. 9te4b adds a parallel resistor Rp in 
parallel to capacitor Cp to illustrate a circuit that measures conductivity as well as 
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dielectric constant and viscosity, preferably by comparing the equivalent resistance 
found in a given liquid with a known resistance found via calibration. These concepts 
will be explained in further detail below with respect to FIGS. 42a5a-b, 43a6a-b, 44a7a- 
b, and 4Sa8a-b. Rp represents the conductivity of the liquid being tested. The resistance 
can be calibrated using a set of liquids having known conductivity and then used to 
measure the conductivity of a given liquid. For example, FIG. 4c shows a sample trace 
comparing the resonator response in pure toluene and in KaBr toluene solution. A liquid 
having greater conductivity tends to shift the resonator response upward on the graph, 
similar to liquids having higher dielectric constants. However, unlike liquids with higher 
dielectric constants, a liquid having greater conductivity will also cause the resonator 
response to level out somewhat in the frequency sweep, as can be seen in the upper 
trace 45 between 30 and 31.5 kHz. In the example shown in FIG. 9e4c, the difference 
between the upper trace 45 and the lower trace 46 indicates that the equivalent 
resistance Rp caused by the additional KaBr in solution was about 8 mega-ohms. 
F I G. 10 i l l ustrates an ombod i mont of the i nv e ntion that can bo usod for h i gh throughput 
scr ee ning of catalyst combin a tor i a l li brar i es. The e mbodim e nt monitors tho mo le cu l ar 
w e ight and concontration, if nocossary, of a polymor i n a so l ut i on i n tho prosonco of 
d i fferent cata l ysts whil o tho reactions aro running. Preferab l y tho system a l so i nc l udes 
moans for mon i tor i ng the h e at generated during tho react i ons. Thus hundreds of 
cata l ysts c a n b o o va l uat o d i n a sing le exper i ment for such char a ctor i stics as select i v i ty, 
conv e rs i on rate, etc. 

An array of moasuromont we ll s 801 is contained w i thin a substrate 803. Within each 
w ell 801 i s a resonator 805 for molecu l ar w ei ght d e term i nat i on and a th e rm i stor 807 for 
heat of react i on determinat i on. Preferab l y contacts 800 for resonator 805 and thermistor 
807 pass through th o bottom of substrat e 803 wh e r e th e y ar o conn o ct o d to th e 
n e cessary e l e ctron i cs. Much of the e l ectron i cs can b e mount e d d i rectly to tho bottom of 
substrat e 803, s i mp l ify i ng th e ov e rall syst e m des i gn. How e v e r, as pr e vious l y d e scr i b e d, 
the array of rosonator probes can a l so bo fabr i cated as a stand a l ono array to bo p l aced 
w i thin th e corr e spond i ng m e asur e ment w e l l s of a comb i nator i al li brary array dur i ng 
t e sting. 

The measur e m e nt package w i thin oach well 801 may a l so contain an ag i tator 811 to 
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insure uniform concentrat i on d i str i but i on with i n th e we ll . Typical l y ag i tator 81 1 i s not 
r e qu i r e d i f w e l l 801 i s small e nough to promot e rapid conc e ntrat i on le v eli ng due to 
d i ffusion. Bes i d e s monitor i ng tho hoat gonoratod dur i ng the react i ons, therm i stors 807 
may a l so b e us e d to pr e h e at th e m e d i a w i thin w ell s 801 up to a pr e d e f i n e d t e mp e ratur e 
and to k ee p th e temperature at the s a m e le v el dur i ng th e r e act i ons. I n a sp e cif i c 
embodiment, a th e rmostat i cal l y contro lle d coo l ing l i qu i d 813 passes betw ee n the wal l s 
of w oll s 801 ; thus prov i d i ng a ste a dy h e at transf e r from we l ls 801 . 

F I G. 11 is a s i mp li f i ed c i rcuit d i agram for a mu l t i plexed contro l circu i t su i table for us e 
with the e mbodim e nt shown i n F I G. 10. A l though on l y thr ee m e asur e m e nt c e l l s 901 ar e 
shown, this contro l c i rcu i t can b e us e d to mu l tipl e x a l arg e array of c el ls. The output of a 
resonator 903 passes through a l oc a l buff e r amp l ifi e r 905 b e for e be i ng multiplex e d i nto 
a data acquis i tion syst o m 907. Coup l od to each therm i stor 909 is a thermostat 91 1 . The 
heat produced by a r e action caus e s l oc al th e rmostat 911 to drop down the vo l tage 
across thermistor 909 to ke e p i t s t e mp e rature at tho same leve l . As w i th the resonator 
output, this vo l tag e is mu l tip l ex e d and a cqu i r e d by d a t a acqu i s i t i on syst e m 907. Thus 
the h e at production g i v e n by each react i on can b e e as il y calcu l ated at any t i m e , 
providing i nformat i on about th e act i vity of a particu l ar catalyst. The data a cqu i r e d by 
syst o m 907 i s proc o ssod by processor 913 and presontod to tho user v i a monitor 915. 
Th e data may a l so bo stored i n memory r e s i dent w i thin processor 913. From this data 
tho react i ons occurr i ng in the various wel l s may bo simultaneous l y characterized. 

[0043] I n an a l t e rnat e e mbodiment, mu l t i p le r e sonators ar e us e d w i th i n e ach s i ng le 
w ell of an array. Th e mult i p l e resonators typ i ca ll y hav e a d i ff e r e nt r e sonanc e fr e qu e ncy 
and/or geom e try. Th i s e mbod i ment offers severa l advantag e s to tho pr e vious 
ombodim e nt ut ili z i ng a s i ng l e resonator per w e ll. First, th e dynam i c s e ns i ng range of th o 
syst e m m a y b e gr e at l y o xt o nd o d s i nce each of th o ind i v i dual reson a tors may b e 
designed to cover a d i fferent frequency rango. Second, th e s e ns i t i v i ty ov e r tho sensing 
rang e may be enh a nc e d s i nc e e ach r e sonator may b e d e s i gn e d to b e s e ns i t i v e to a 
diff e r e nt fr e qu e ncy rang e . For e xampl e , th e graph i llustrat e d i n F I G. 8 shows that for 
this part i cu la r r e sonator d o sign, the b e st accuracy was achi e v e d for mo le cu l ar we i ghts 
in th e rang o of 10,000 to 100,000. Util i z i ng tho present embodim e nt, a resonator w i th 
the accuracy shown abov e cou l d be combin e d i n a sing le samp le w ell with a r e sonator 
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hav i ng improvod accuracy i n tho 100,000 to 1,000,000 range, thus provid i ng superlative 
sens i ng cap a bi l it ie s throughout tho 1 0,000 to 1 ,000,000 range for a s i ng le samp le w ol l. 
Th e s i gnals from the i nd e p e nd e nt r e sonators may b e ana l yz e d us i ng such m e thods as 
n o ural networks, e tc. Experimental Examples 

[0044] FIGS. 42a5a-b, +3a6a-b, 44a7a-b and 4£a8a-b are examples demonstrating 
the effectiveness of the invention. These figures show some differences between the 
frequency responses, for various liquid compositions, of the plate-type TSM resonator 
10 and the tuning fork resonator 20. FIGS. 12a. 13a. 14 a and 15a 5a. 6a, 7a and 8a are 
examples using the TSM resonator 10, and FIGS. 12b, 13b, 14b and 15b 5b, 6b, 7b and 
8b are examples using the tuning fork resonator 20. 

[0045] The experimental conditions for generating the example tuning fork resonator 
traces in FIGS. 12b. 13b, 14 b, and 15b 5b, 6b, 7b, and 8b are described below. The 
experimental conditions for generating the comparative TSM resonator traces in FIGS. 
12a. 13a. 14a and 15a 5a, 6a, 7a and 8a are generally similar to, if not the same as, the 
conditions for the tuning fork resonator except for, if needed, minor modifications to 
accommodate the TSM resonator's particular geometry. Therefore, for simplicity and 
clarity, the TSM resonator's particular experimental conditions will not be described 
separately. 

[0046] All of the solvents, polymers and other chemicals used in the illustrated 
examples were purchased from Aldrich, and the polymer solutions were made 
according to standard laboratory techniques. Dry polymers and their corresponding 
solvents were weighed using standard balances, and the polymer and solvent were 
mixed until the polymer dissolved completely, creating a solution having a known 
concentration. The solutions were delivered to and removed from a 30 ul stainless steel 
cylindrical measurement well that is long enough to allow a tuning fork resonator to be 
covered by liquid. Liquid delivery and removal to and from the well was conducted via a 
pipette or syringe. 

[0047] Before any experiments were conducted with the solutions, the tuning fork 
resonator response in air was measured as a reference. The actual testing processes 
were conducted in a temperature-controlled laboratory set at around 20 degrees 
Centigrade. Once the liquid was delivered to the well, the tuning fork was placed in the 
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well and the system was left alone to allow the temperature to stabilize. Alternatively, 
the tuning fork can be built into a wall portion or a bottom portion of the well with equally 
accurate results. The tuning fork was then oscillated using the network analyzer. The 
resonator response was recorded during each measurement and stored in a computer 
memory. The measured response curve was fitted to a model curve using an equivalent 
circuit, which provided specific values for the equivalent circuit components described 
above with respect to FIGS. 9a4a and 9b4b and the traces in FIGS. 43a6a through 
4Sb8b. 

[0048] After the measurement of a given solution was completed, the resonator was 
kept in the well and pure solvent was poured inside the well to dissolve any polymer 
residue or coating in the well and on the tuning fork. The well and tuning fork were 
blown dry using dry air, and the tuning fork response in air was measured again and 
compared with the initial tuning fork measurement to ensure that the tuning fork was 
completely clean; a clean tuning fork would give the same response as the initial tuning 
fork response. Note that the above-described experimental conditions are described 
only for purposes of illustration and not limitation, and those of ordinary skill in the art 
would understand that other experimental conditions can be used without departing 
from the scope of the invention. 

[0049] Although both the TSM resonator 10 and the tuning fork resonator 20 are 
considered to be part of the method and system of the present invention, the tuning fork 
resonator 20 has wider application than the TSM resonator 10 and is considered by the 
inventors to be the preferred embodiment for most measurement applications because 
of its sensitivity, availability and relatively low cost. For example, note that in FIGS. 5a 
and 5b, the frequency sweep for the TSM resonator 10 is in the 8MHz range, while the 
frequency sweep for the tuning fork resonator 20 of the present invention is in the 25-30 
kHz range, several orders of magnitude less than the TSM resonator frequency sweep 
range. This increases the versatility and applicability of the tuning fork resonator 20 for 
measuring high molecular weight liquids because the operating frequency of the tuning 
fork resonator 20 is not high enough to make high molecular weight liquids act like gels. 
Further, because most applications for the solutions are lower frequency applications, 
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the laboratory conditions in which the liquid compositions are tested using the tuning 
fork resonator 20 more closely correspond with real-world conditions. 
[0050] Also, the operating frequency of the tuning fork resonator 20 varies according 
to the resonator's geometry; more particularly, the resonance frequency of the tuning 
fork 20 depends on the ratio between the tine cross-sectional area and the tine's length. 
Theoretically, it is possible to construct a tuning fork resonator 20 of any length for a 
given frequency by changing the tuning fork's cross-sectional area to keep the ratio 
between the length and the cross-section constant. In practice, however, tuning fork 
resonators 20 are manufactured from quartz wafers having a few selected standard 
thicknesses. Therefore, the cross-sectional area of the tuning fork 20 tends to be limited 
based on the standard quartz wafer thicknesses, forcing the manufacturer to change the 
tuning fork's resonating frequency by changing the tine length. These manufacturing 
limitations must be taken into account when selecting a tuning fork resonator 20 that is 
small enough to fit in minimal-volume sample wells (because the chemicals used are 
quite expensive) and yet operates at a frequency low enough to prevent the tested 
liquids from acting like gels. Of course, in other applications, such as measurement of 
liquids in a conduit or in other containers, the overall size of the tuning fork resonator 20 
is not as crucial, allowing greater flexibility in selecting the size and dimensions of the 
tuning fork resonator 20. Selecting the actual tuning fork dimensions and designing a 
tuning fork resonator in view of manufacturing limitations are tasks that can be 
conducted by those of skill in the art after reviewing this specification. 
[0051] Referring to FIGS. 42a5a and 42fe5b, the solutions used as examples in 
FIGS. 42a5a and 42b5b have somewhat similar structures and weights. As a result, the 
TSM resonator responses for each solution, shown in FIG. 42-a5a, create very similar 
traces in the same general range. Because the traces associated with the TSM 
resonator 10 overlap each other to such a great extent, it is difficult to isolate and 
compare the differences between the responses associated with each solution. By 
comparison, as shown in FIG. +7b5b, the increased sensitivity of the tuning fork 
resonator 20 causes small differences in the chemical structure to translate into 
significant differences in the resonator response. Because the traces generated by the 
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tuning fork resonator 20 are so distinct and spaced apart, they are much easier to 
analyze and compare. 

[0052] Using a tuning fork resonator 20 to measure properties of liquids also results 
in greater linearity in the relationship between the square root of the product of the 
liquid's viscosity density and the equivalent serial resistance Rs (FIGS. 43a6a and 
+3b6b) as well as in the relationship between the dielectric constant and the equivalent 
parallel capacitance Cp (FIGS. 44a7a and 44b7b) compared to TSM resonators 10. For 
example, the relationship between the liquid viscosity and serial resistance for a tuning 
fork resonator 20, as shown in FIG. 43b6b, is much more linear than that for the TSM 
resonator, as shown in FIG. 4-3ar6a. 

[0053] Similarly, the relationship between the dielectric constant and the equivalent 
parallel capacitance is more linear for a tuning fork resonator 20, as shown in FIGS. 
44a7a and 44br7b. This improved linear relationship is primarily due to the relatively low 
frequencies at which the tuning fork resonator 20 operates; because many liquids 
exhibit different behavior at the operating frequencies required by the TSM resonator 
10, the TSM resonator 10 will tend not to generate testing results that agree with known 
data about the liquids 1 characteristics. 

[0054] FIGS. 45a8a and 4£b8b illustrate sample results from real-time monitoring of 
polymerization reactions by a TSM resonator and a tuning fork resonator, respectively. 
The graphs plot the equivalent resistance Rs of the resonators oscillating in 10 and 20 
mg/ml polystyrene-toluene solutions versus the average molecular weight of 
polystyrene. As explained above, high molecular weight solutions often exhibit different 
physical characteristics, such as viscosity, at higher frequencies. 
[0055] The size and shape of the TSM resonator 10 make the resonator suitable, but 
not as accurate, for real-time monitoring of polymerization reactions compared with the 
tuning fork resonator 20. This is because the TSM resonator's high operating frequency 
reduces the accuracy of measurements taken when the molecular weight of the 
polymerizing solution increases. As shown in FIG. 4£a8a, a high operating frequency 
TSM resonator is not very sensitive in monitoring the molecular weight of the 
polystyrene solution used in the illustrated example. A tuning fork resonator, by 
contrast, has greater sensitivity to the molecular weight of the solution being measured, 
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as shown in FIG. 4-&br8b. This sensitivity and accuracy makes it possible, for many 
reactions, to estimate the amount of converted solution in the polymerization reaction 
and use the conversion data to estimate the average molecular weight of the polymer 
being produced. 

[0056] Although the above-described examples describe using a TSM or a tuning 
fork resonator without any modifications, the resonator can also be treated with a 
"functionality" (a specialized coating) so that it is more sensitive to certain chemicals. 
The resonator may also be treated with a general coating to protect the resonator from 
corrosion or other problems that could impede its performance. A representative 
diagram of an embodiment having a functionalized resonator is shown in FIGS. 4©a9a 
and 4-§kr9b. Although FIGS. 4£a9a and 4§b9b as well as the following description 
focuses on coating or functionalizing a tuning fork resonator, any other mechanical 
resonator can also be used without departing from the scope of the invention. 
[0057] The tuning fork resonator 20 can be coated with a selected material to 
change how the resonator 20 is affected by a fluid composition (which, as explained 
earlier, includes both liquid and vapor compositions). As mentioned above, one option is 
a general coating for providing the tuning fork resonator 20 with additional properties 
such as corrosion resistance, chemical resistance, electrical resistance, and the like. 
Another option, as noted above, is using a "functionality", which coats the tines with 
materials that are designed for a specific application, such as proteins to allow the 
tuning fork resonator 20 to be used as a pH meter or receptors that attract specific 
substances in the fluid composition to detect the presence of those substances. The 
coating or functionality can be applied onto the tuning fork resonator 20 using any 
known method, such as spraying or dipping. Further, the specific material selected for 
the coating or functionality will depend on the specific application in which the tuning 
fork resonator 20 is to be used. J. Hlavay and G. G. Guilbault described various coating 
and functionalization methods and materials to adapt piezoelectric crystal detectors for 
specific applications in "Applications of the Piezoelectric Crystal Detector in Analytical 
Chemistry," Analytical Chemistry, Vol. 49, No. 13, November 1977, p. 1890, 
incorporated herein by reference. For example, applying different inorganic 
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functionalities to the tuning fork resonator 20 allows the resonator to detect 
organophosphorous compounds and pesticides. 

[0058] An example of a tuning fork resonator that has undergone a functionalization 
treatment is illustrated in FIGS. 4£a9a and 46kr9b. FIG. 4§a9a represents a tuning fork 
tine 22 that has been treated by absorbing, coating, or otherwise surrounding the tine 
22 with a functionality designed to change the tuning fork's resonance frequency after 
being exposed to a selected target chemical. In the illustrated example, the tuning fork 
tine 22 is covered with receptor molecules 90, represented in FIGS. 4€a9a and 4Sb9b 
by Y-shaped members, designed to bond with specific target molecules. Because the 
resonance frequency and the damping of the tuning fork resonator depends on the 
effective mass of the tine 22 and the amount of "drag" of the tine 22 within the fluid, any 
change in the tine's mass or the amount of drag will change the tuning fork's resonance 
response. More specifically, the resonance frequency of the tuning fork resonator is 
proportional to the square root of the inverse of the tuning fork's mass. An increase in 
the tuning fork's mass will therefore reduce the tuning fork's resonance frequency. 
[0059] This mass-frequency relationship is used to detect the presence of a specific 
target chemical in a fluid composition in this example. When the functionalized tuning 
fork tine 22 is placed in a fluid composition containing the target chemical, the receptors 
90 on the tuning fork tine 22 will chemically bond with molecules of the target chemical 
92, as shown in FIG. 4Skr9b. The resonance frequency of the tuning fork resonator will 
consequently decrease because of the increased mass and the additional drag created 
by the additional molecules 92 attached to the tuning fork tines 22 via the receptor 
molecules 90. Thus, when screening a plurality of fluid compositions to detect the 
presence of a target chemical in any of them, only the fluid compositions containing the 
target chemical will cause the tuning fork's resonance frequency to change. Fluid 
compositions without the target chemical will not contain molecules that will bond with 
the receptor molecules 90 on the tuning fork tine 22, resulting in no resonance 
frequency change for those fluids. Alternatively, the tuning fork tines 22 can be 
functionalized with a material that physically changes when exposed to molecules of a 
selected chemical such that the material changes the mechanical drag on the tuning 
fork tine 22 when it is exposed to the selected chemical. For example, adding a 
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hydrophobic or hydrophilic functionality to the tuning fork tine 22 allows the tine 22 to 
attract or repel selected substances in the medium being analyzed, changing the mass 
or effective mass of the tuning fork and thereby changing its resonance frequency. 
[0060] In yet another embodiment of the present invention, multiple mechanical 
resonators can be attached together in a single sensor to measure a wider range of 
responses for a given fluid composition, as shown in FIGS. 17a. 17b and 17c. 10a, 10b 
and 10c. The multiple resonator sensor can be fabricated from a single quartz piece 
such that all of the resonators are attached together by a common base, as shown in 
the figures. The multi-resonator sensor could also be attached to multiple frequency 
generating circuits, such as multiple network analyzers 28, to measure properties of the 
fluid compositions over multiple frequency sweeps so that the generated data can be 
correlated to obtain additional information about the liquid compositions. Because 
different resonator structures are best suited for measurement over different frequency 
ranges and for materials having different characteristics, a sensor combining a plurality 
of different resonators can provide a more complete representation of the fluid 
composition's characteristics over a wider frequency range than a single resonator. 
FIGS. 17a, 17b 10a, 10b and 42c10c show specific examples of possible multi-resonator 
configurations, but those of skill in the art would understand that sensors having any 
combination of resonators can be constructed without departing from the scope of the 
invention. 

[0061] FIG. 4^a10a illustrates one possible sensor 100 configuration containing both 
a tuning fork resonator 102 and a TSM resonator 104. This type of sensor 100 can be 
used to, for example, measure the mechanical and electrical properties of very thick 
liquids such as polymer resins and epoxies. This sensor 100 can also be used to 
monitor a material as it polymerizes and hardens. For example, the sensor 100 can be 
placed in a liquid composition containing urethane rubber in its diluted state so that the 
tuning fork 102 is used initially to measure both the composition's density viscosity 
product and its dielectric constant. As the rubber changes to a gel and finally to a solid, 
the sensor 100 can switch to using the TSM resonator 104 to measure the rubber's 
mechanical properties, leaving the tuning fork resonator 102 to operate as a dielectric 
sensor only. 



39 



Express Mailing No. EV554439981 US Substitute Specification 

ATTORNEY DOCKET NO. 1012-122C4 (97-8CIP1 CON4) 

[0062] A sensor 1 06 for observing a fluid composition over a wide frequency range is 
shown in FIG. 10b. High polydispersity polymer solutions are ideally measured over a 
wide frequency spectrum, but most resonators have optimum performance within a 
relatively limited frequency range. By combining different resonators having different 
resonance frequencies and different response characteristics, it is possible to obtain a 
more complete spectrum of resonator responses for analyzing the fluid's characteristics 
under many different conditions. For example, due to the wide spectrum of polydisperse 
solution relaxation times, it is generally predicted that high molecular weight 
compositions will react at lower frequencies than lighter molecular weight compositions. 
By changing the temperature, observing the frequency response of different resonators, 
and correlating the different resonator responses, it is possible to obtain a more 
accurate picture of a composition's relaxation spectrum than from a single resonator. 
[0063] A low frequency tuning fork resonator 1 08 and a high frequency tuning fork 
resonator 1 10 in one sensor will probably suffice for most wide-frequency range 
measurements. For certain cases, however, the resonators in the multi-resonator 
sensor 106 can also include a trident tuning fork resonator 1 12, a length extension 
resonator 1 14, a torsion resonator 116, and a TSM resonator 118, membrane 
oscillators, bimorphs, unimorphs, and various surface acoustic wave devices, as well as 
any combination thereof, or even a single resonator structure than can operate in 
multiple mechanical modes (e.g. compression mode, axial mode, torsion mode). Of 
course, not all of these resonators are needed for every application, but those of skill in 
the art can select different combinations that are applicable to the specific application in 
which the sensor 106 will be used. 

[0064] Alternatively, multiple resonators having the same structure but different 
coatings and/or functionalities can be incorporated into one sensor 120, as shown in 
FIG. 47e ^10c. In this example, a plurality of tuning fork resonators 122, 124, 126 have 
the same structure but have different functionalities, each functionality designed to, for 
example, bond with a different target molecule. The high sensitivity of the tuning fork 
resonators 122, 124, 126 makes them particularly suitable for "artificial noses" that can 
detect the presence of an environmentally-offending molecule, such as hydrogen sulfide 
or nitrous oxide, in industrial emissions. When the sensor 120 is used in such an 
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application, one tuning fork resonator 122 can, for example, be functionalized with a 
material designed to bond with hydrogen sulfide while another resonator 124 can be 
functionalized with a material designed to bond with nitrous oxide. The presence of 
either one of these molecules in the fluid composition being tested will cause the 
corresponding tuning fork resonator 122, 124 to change its resonance frequency, as 
explained with respect to FIGS. 4Sa9a and 4£b9b. 

[0065] The tuning fork resonators 122, 124, 126 can also be functionalized with a 
polymer layer or other selective absorbing layer to detect the presence of specific 
molecules in a vapor. Because the tuning fork resonators 122, 124, 126 are highly 
sensitive to the dielectric constant of the surrounding fluid, the tuning fork resonators 
122, 124, 126 can easily detect changes in the dielectric constant of the fluid and 
recognize a set of solvents with different dielectric constants in the fluid. This 
information, combined with other observable parameters, makes tuning fork resonators 
particularly adaptable for use in artificial noses. 

[0066] The method and system of the present invention has been described above in 
the combinatorial chemistry context, but it is not limited to such an application. Because 
the resonators in the method and system of the present invention have high sensitivities 
and quick response times, it can be also be used for in-line monitoring of fluid 
compositions flowing through conduits or pipelines. For example, the invention can be 
used in a feedback system to monitor properties of liquids flowing through a gas or oil 
pipeline to monitor and control the concentration of additives in the gas or oil, or to 
detect the presence of impurities in water flowing through a water pipe. The additives or 
impurities will change the physical and electrical characteristics of the liquid flowing 
through the conduit. A functionalized tuning fork resonator 20 can further detect the 
presence of a specific chemical in a fluid composition, whether it is a liquid or a vapor, 
and can be used to monitor the presence of, for example, a known chemical pollutant in 
a smokestack. The high sensitivity and quick response time of the resonator, and the 
tuning fork resonator 20 in particular, makes it uniquely suitable for such an application. 
The circuitry and system used to generate the visual traces from the resonator's 
response can be the same as described above or be any other equivalent resonator 
analysis system. 
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[0067] Further, although the above description focuses primarily on using TSM 
resonators and tuning fork resonators, any other mechanical resonators exhibiting 
similar characteristics can be used. Tridents, cantilevers, torsion bars, bimorphs, and/or 
membrane resonators can be substituted for the TSM resonator or tuning fork resonator 
without departing from the scope of the claimed invention. 

[0068] It should be understood that various alternatives to the embodiments of the 
invention described herein may be employed in practicing the invention. It is intended 
that the following claims define the scope of the invention and that the methods and 
apparatus within the scope of these claims and their equivalents be covered thereby. 
It i s und e rstood that th e abov e d e script i on i s int e nd e d to b e il l ustrativ e and not 
restr i ctiv e . Many e mbod i m e nts as we ll as many applicat i ons b e sides the e xamp le s 
provid e d w i l l b e appar e nt to those of sk i ll in the art upon r e ad i ng th e abov e descr i pt i on. 
The scop e of th e i nv e ntion shou l d, th e r e for e , b e det e rmin e d not w i th reference to th e 
above d e scr i pt i on, but shou l d i nst e ad b e determ i n e d w i th r e f e r e nc e to th e app e nd e d 
claims, a l ong with th o ful l scope of equ i va le nts to wh i ch such claims aro ont i tlod. Tho 
d i sc l osur e s of all art i c le s and ref e renc e s, i nc l ud i ng patent app li cat i ons a nd publicat i ons, 
are i ncorporat e d by refer e nc e for al l purposes. 
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